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Social experience can modify the behavior of adult animals, and this type of 
behavioral plasticity associated with territorial aggression has been observed in several 
species including green anole lizards.  Previously dominant animals were more 
aggressive to a novel stimulus in a new context than previously subordinate animals after 
10 days of agonistic interaction.  This behavioral shift could be beneficial to an animal by 
increasing survival and/or reproductive success to maximize its fitness.  Behavioral 
modification through social experience can involve alteration in some physiological 
properties such as variations in hormone titer and hormone receptors.  Steroid hormones 
such as testosterone (T) and corticosterone (Cort) and neurotrasmitters such as arginine 
vasotocin (AVT) are well known for their association with territorial aggression.  
Hormonal mechanisms underlying the control of this behavior are, however, context 
dependent, temporally dynamic, and evolutionarily very diverse.  I performed 
experiments aimed at gaining insights into the proximate mechanisms underlying status-
 viii 
dependent behavioral differences in territorial aggression.  First, steroid binding globulins 
of green anole lizards were analyzed and the presence of androgen-glucocorticoid 
binding globulins and sex-hormone binding globulins (SHBG) was established.  Next, 
status differences in steroid hormone levels and the temporal pattern of hormone changes 
were assessed.  We found that winners/dominants had elevated total T levels shortly after 
the onset of fighting and reduced SHBG after 10 days of agonistic interaction.  These 
changes seemed to cause sustained increases in free T levels in winners/dominants 
throughout 10 days of agonistic interactions.  Then, androgen receptor (AR) mRNA 
density levels were compared in dominant and subordinate animals.  The result showed 
that the preoptic area (POA) and anterior hypothalamus AR mRNA density levels were 
higher in dominants than subordinates shortly after the agonistic interaction.  Lastly, 
AVT immunoreactive cell counts were compared in dominant and subordinate animals.  
We found that subordinate animals had reduced AVT immunoreactive cell counts in the 
POA compared to that of dominants or control males.    
Findings from this dissertation suggest possible mechanisms that might be 
responsible for status dependent behavioral differences in territorial aggression: elevation 
in T and reduction in SHBG capacity, and sustained elevation of AVT immunoreactive 
cell counts in the POA.   
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Chapter One:  General introduction 
In territorial species, territorial aggression is an essential aspect of reproductive 
behavior.  An animal’s ability to gain access to limited resources such as mates and 
territory holds the success of the animal in a reproductive sense, and therefore its 
evolutionary fitness.  It has been an interest of behavioral neuroendocrinologists to 
understand the ultimate and proximate mechanisms underlying such behaviors.   
Environment and physiology are two major constrains which act on reproductive 
success (Crews and Moore, 1986).  Animals are constantly monitoring their internal 
(physiological) and external environments, and behavior emerges as a result of reciprocal 
interactions between their own behavior and internal and external environments (Crews, 
1977).  The ability of the nervous system to adapt to changing environments determines 
the survival of an animal, and the proximate and ultimate mechanisms of behavior evolve 
as products of natural selection (Crews, 1983).   
Territorial aggression can be socially modulated.  For example, animals with prior 
victory have an increased likelihood of winning in subsequent combat (the winners 
effect; Hsu and Wolf, 1999), and this phenomenon has been observed in many vertebrate 
species (e.g. mammals: Oyegbile and Marler, 2005; birds: Drummond and Osorno, 1992; 
reptiles: Schuett, 1997; fish: Chase et al., 1994).  Behavioral modification through social 
experience is believed to involve learning (i.e. an animal learning about its own ability 
and/or learning to assess cost-benefit) and alterations in some physiological properties 
such as variations in hormone titer and hormone receptors (Hsu, et al., 2006).  This 
behavioral and physiological plasticity could be beneficial to an animal by increasing 
survival and/or reproductive success to maximize its fitness.           
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Model system 
The green anole lizard, Anolis carolinensis, is a great model for studying 
hormone-brain-behavior interactions underlying reproductive behavior including 
territorial aggression and dominant-subordinate behavior (e.g. Crews, 1979a).  It is a 
territorial species typically found in the southeastern United States and its ecological 
significance and stereotypical reproductive behaviors have been extensively analyzed 
(see Greenberg, 1977).  Their reproductive behavior can be easily manipulated in the 
captive environment and their visual displays are easily recognized and measured 
(Greenberg and Noble, 1944; Crews, 1975; Greenberg, 1977; Greenberg and Crews, 
1990).   
Anoles use body movements, expansion of a specialized throat fan, or dewlap, 
and color changes to produce stereotyped displays as part of their social interactions. 
Aggressive (challenge) display consists of dewlap extension, an extension of a red-
colored throat fan, and push-ups (vertical movements of the upper body with full 
extension of forelimbs).  It also includes lateral compression, compression of the body 
along the dorsal line with throat expansion, and eyespot (ES) formation, darkening of the 
skin patch posterior to the eye reflective of circulating catecholamine levels (Hadley and 
Goldman, 1969; Greenberg, 1983; Greenberg and Crews, 1990).  Sometimes fight can 
escalate into biting and jaw locking (Greenberg and Noble, 1944).  A winner-loser 
relationship can further extend to a dominant-subordinate relationship, if pairs of animals 
are left together in an enclosed area.  As a dominant-subordinate relationship stabilizes 
after winner and loser are determined, dominant animals show less aggression towards 
subordinates (Greenberg, 2002; Greenberg and Crews, 1990). 
Green anoles’ body color (BC) is regulated by circulating stress hormones such as 
melanotropin (Greenberg et al., 1986) and catecholamines which are reflective of the 
 3 
stress response and adrenal activation (Greenberg and Crews, 1983; Greenberg et al., 
1984; Summers and Greenberg, 1994).  Unstressed healthy animals have green BC, while 
stressed animals have brown BC resulting from increased levels of melanotropin and 
epinephrine (Greenberg, 2002).  Darkening of the ES is also an indicator of increased 
circulating epinephrine levels (Hadley and Goldman, 1969). This allows for a non-
invasive analysis of the stress response (Greenberg and Crews, 1983).  The BC can also 
be used to determine the social status of an animal; dominant animals show brighter 
green color while subordinates’ BC is brown (Greenberg and Crews, 1990). 
Testosterone and aggression 
The relationship between testosterone (T) and territorial aggression has been 
evaluated in many species (e.g. Adkins and Schlesinger, 1979; Crews et al., 1978; 
Giammanco et al., 2005; Wingfield et al., 2001), and this relationship exists in green 
anole lizards as well.  Inter-male aggression is decreased by castration, but restored by 
subsequent T implants or injections (injection: Adkins and Schlesinger, 1979; 
subcutaneous implants: Crews, et al., 1978; intrahypothalamic implants: Crews and 
Morgentaler 1979).  Castration decreases the frequency of territorial aggression and 
increases the duration of agonistic behavior (Crews et al., 1978).  However, aggressive 
behavior is not solely dependent on T.  Castrated animals can still express aggressive 
behavior in their home cage, while when placed into an unfamiliar cage aggressive 
behavior declines very rapidly (Crews, 1974). 
In some species, estradiol (E2) or dehydrotestosterone (DHT) are thought to be 
involved in aggression rather than T (see review by Trainer et al., 2006 and Wingfield et 
al., 2001).  In green anole lizards, aromatase is found in the anterior hypothalamus (AH)-
preoptic area (POA), a brain region heavily involved in mediation of reproductive 
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behavior (Wade, 1997).  However, E does not stimulate aggressive behavior in green 
anole lizards (Adkins and Schlesinger, 1979; Crews et al., 1978; Mason and Adkins, 
1976).  There is conflicting evidence on DHT and aggression in green anole lizards.  
Adkins and Schlesinger (1979) found that DHT was able to successfully restore 
aggression in castrate males, whereas DHT had no effect on activating aggression in 
other studies (systemic injection: Crews et al., 1978; intrahypothalamic implants: Crews 
and Morgentaler, 1979); rather, DHT was active peripherally by stimulating renal sex 
segment growth (Crews et al., 1978).  The inconsistency in these findings possibly arose 
as a result of differences in methodological procedures (see Adkins-Regan, 1981).  These 
findings suggest that T (or androgen) is the primary steroid hormone that mediates 
aggressive behavior and aromatization of T is not essential for aggressive behavior in 
green anole lizards.   
Hormone-behavior interactions are bidirectional and engaging in aggressive 
combat can change the level of circulating hormones (see Wingfield et al., 1990).  Anoles 
that are exposed to aggressive encounters for three consecutive days had increased T 
levels compared to animals with no such encounters (Yang and Wilczynski, 2002).  Also, 
increases in T levels have been observed in animals that won a fight after one hour of 
agonistic interaction while T levels decreased in losers (Greenberg and Crews, 1990).  
Similar findings have been made in other species as well (California mice: Oyegbile and 
Marler, 2005; peacock blenny: Oliveira et al., 2001; see also Hsu and Wolf, 2001), and in 
some cases elevated T levels are required in order to maintain dominant status.  In rats, 
for example, T levels also are elevated in dominant individuals compared to submissive 
ones (Blanchard et al., 2002), and T is sometimes necessary to maintain the dominant 
role.  A previously dominant male rat, after castration, loses its dominant role but if T 
treatment is given after castration the male continues to behave aggressively toward 
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intruders (Albert et al., 1986).  In green anole lizards, intact males always won and held 
dominant status when paired with castrated males (Greenberg et al., 1984).  However, 
when two castrated males were paired they were capable of engaging in the agonistic 
interaction (Greenberg et al., 1984).  These findings suggest that T levels increase 
following engagement in an agonistic interaction and the elevated T level might aid in 
sustaining a dominant status.   
Despite the fact that the relationship between T and aggressive/dominance 
behavior is well documented, there are inconsistencies in the findings.  When males that 
were in an agonistic interaction for 10 days were tested for aggressive behavior in a 
neutral arena, dominant animals were significantly more aggressive than subordinates 
(Hattori and Wilczynski, unpublished data).  This data suggests that there is a behavioral 
plasticity associated with acquisition and maintenance of a dominant status.  However, 
when circulating T levels were measured in males that were in an agonistic interaction for 
10 days, there were no status-based differences.  Previous studies have demonstrated the 
relationship between T and aggressive/dominance behavior (see above).  Crews (1974) 
has shown that T is especially important for mediation of aggressive behavior in 
unfamiliar contexts.  Why were dominant animals more aggressive than subordinates 
even though their T levels were not different?   
Hypotheses  
There are several possibilities that may underlie the behavioral differences seen in 
dominant and subordinate animals: (1) steroid hormones are not mediating this effect (no 
status based differences in steroid hormone levels; null hypothesis); (2) there are status 
based differences in steroid hormone levels (either in total, bound or free hormones); (3) 
steroid hormonal changes are temporally dynamic; (4) there are status based differences 
in the receptors that steroid hormones act upon; (5) involvement of neurotransmitters.   
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Corticosterone and Aggression 
As agonistic interaction is stressful, a relationship between corticosterone (Cort) 
and aggressive/dominance behaviors has been found in a variety of species (see review 
by Summers et al., 2006).  Cort influences the level of aggression directly or indirectly by 
affecting circulating T levels.  The level of aggression as well as T levels lowered 
following Cort implants (DeNardo and Licht, 1993; Tokarz, 1987; Wingfield and 
Silverin, 1986).  Aggressiveness is also reduced when animals are given both Cort and T 
implants (DeNardo and Licht, 1993).  Associations between status and Cort (or 
glucocorticoid) levels have also been found, especially when social hierarchies are stable 
(Fox et al., 1997; Virgin and Sapolsky, 1997).  Animals with glucocorticoid implants 
were likely to become subordinates when paired with intact animals (DiBattista et al., 
2005), and increased Cort levels were observed in animals subject to chronic 
subordination (Greenberg and Crews, 1990).  Increased plasma Cort levels were also 
observed in winners and dominants but the temporal pattern of Cort increase differed by 
status (Summers et al., 2003).  Cort levels rose quickly during aggressive encounters in 
both winners and losers; however, elevated Cort levels returned to the baseline levels in 
winners/dominants, while those levels were sustained in loses/subrodinates (Blanchard et 
al., 1993; Greenberg et al., 1984; Knapp and Moore, 1996; McKittrick et al., 2000; Øverli 
et al., 1999; Summers et al., 1998). 
AVT/AVP and Aggression 
In addition to the effects of peripheral steroid hormones, many brain 
neuromodulators and neurotrasmitters are involved in aggression.  The peptide most 
studied in nonmammals is arginine vasotocin (AVT), the homologue of mammalian 
vasopressin (AVP), yet its interaction with aggressive behavior is not well studied in 
reptiles.  AVT/AVP is known to be involved in aggressive behavior in a variety of 
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species (see review by Goodson and Bass, 2001), although the direction of its effect on 
territorial aggression varies from species to species (e.g. social organization in birds: 
Goodson, 1998; social status in fish: Semsar et al., 2001).  AVT/AVP is believed to exert 
its effects in the anterior hypothalamus (AH)-preoptic (POA) area.  Exogenous AVP 
injection into the AH increased offensive aggression (Ferris et al., 1997), while a 
selective AVP V1a receptor antagonist injected into the AH inhibited inter-male 
aggression in Syrian hamsters (Ferris and Potegal, 1988; Potegal and Ferris 1990).  
Dominant animals had more AVP immunoreactivity in the AH and nucleus circularis 
compared to subordinates in Syrian hamsters (Ferris et al., 1989).  Dominant (terminate 
phase) bluehead wrasses had more AVT expression in the POA compared to subordinates 
(AVT mRNA level: Godwin et al., 2000; AVT immunoreactivity level: Semsar and 
Godwin, 2003).  Circulating T levels and social stress may affect these status-based 
differences in the neural AVT/AVP phenotype.  T is known to regulate neural AVT/AVP 
systems (De Vries et al. 1984: De Vries et al. 1985; Van Leeuwen et al. 1985: Viglietti-
Panzica, 1994).  In rats, castration decreased AVP immunoreactivity as well as AVP 
mRNA expression levels while normal levels of AVP were restored following T implants 
(Zhou et al. 1994).  In Syrian hamsters, T affected offensive aggression in part through 
AVP V1a receptor binding (Delville et al., 1996); AVP V1a receptor binding decreased 
as T levels decreased (Caldwell and Alberts, 2003; Young et al., 2000).  It is suggested 
that the association between aggression and neural AVT/AVP phenotype could represent 
a direct relationship, or social stress may act as an intermediate in producing these effects 
(Lema, 2006).  Secretion of adrenal corticotropin-releasing hormone (ACTH) was 
significantly increased by a social confrontation (Ebner et al., 2005).  AVT/AVP, either 
directly or through synergistic interaction with corticotropin-releasing factor, stimulated 
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ACTH release at the anterior pituitary (Aguilera et al., 1994; Antoni, 1993; Castro et al., 
1986; Gillies et al., 1982; Wotjak et al., 1996). 
In green anole lizards, AVT-ir cell populations can be found in the anterior 
hypothalamus (AH), paraventricular nucleus (PN), posterior hypothalamus (PH), preoptic 
area (POA), and supraoptic nuclei (SON; Propper et al., 1992).  Parvocellular AVT cell 
populations were found in the AH and anterior and dorsal portions of the medial POA 
(Propper et al., 1992).  Magnocellular AVT cell populations were present in the PN, PH, 
POA, and SON (Propper et al., 1992).  AVT-ir fibers were present in the hypothalamic 
region as well as the extrahypothalamic regions such as the median eminence (ME) and 
substantia nigra (Propper et al., 1992); however, the projection of AVT fibers in green 
anole lizards has not been investigated.  At present, the behavioral and physiological 
functions associated with the different AVT populations in lizards is unknown.  It would 
be expected that some of the magnocellular cells are neurosecretory while the 
parvocellular cells are not, but this has not been shown experimentally.   
Chapter overview 
This dissertation work aimed to investigate the above hypotheses regarding the 
plasticity-inducing effects of social experience (acquisition and maintenance of a social 
status) on aggressive behavior, the brain and hormones in adult animals.  More 
specifically, experiments were performed to determine whether behavioral differences, 
reflected in acquision and maintenance of a social status, is associated with the 
physiological properties that are thought to be involved in territorial aggression and how 
the changes, if any, may relate to each other.  Overviews of each chapter are provided 
below. 
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Chapter 2 
Testosterone may be the primary factor mediating status differences in territorial 
aggression.  However, the outcomes could vary depending on what method is employed 
to measure the steroid hormone levels.  Steroid hormones are present in two different 
forms: “bound” to steroid binding globulins or “free”, i.e. the unbound fraction.  
Depending on the methods used to measure steroid hormone levels, either total (bound 
portion plus free portion) or free steroid hormone levels are measured.  Although the 
function of the steroid binding globulins is not completely understood (and therefore 
there is still a question of which form of steroid hormones is a more physiologically 
relevant measure when assessing a behavior-hormone interaction), it is important to 
perform in-depth measurements of all steroid hormone fraction when the data can vary 
depending on what is being measured.  Steroid binding globulins in green anole lizards 
were therefore characterized.  This information was further used in Chapters 3 and 4 to 
measure the capacity of steroid binding globulins and to estimate free T and Cort levels 
in winners/dominants. 
Chapter 3 
Total steroid hormones and steroid binding globulin capacity levels were 
measured in order to estimate free steroid hormone levels in dominant and subordinate 
animals after 10 days of interaction, to determine whether status differences were 
reflected in free steroid hormone levels.  It is possible that free hormone levels are a more 
relevant measurement of circulating steroid hormones when assessing a hormone-
behavior interaction.  The brain is the major target for the steroid hormones (McEwen et 
al., 1979) and steroid binding globulin-bound steroid hormones would not pass through 
the blood-brain barrier (Partridge, 1981; Partridge and Mietus, 1979).  Measurement of 
Cort levels was also included in the study for several reasons: (1) a relationship between 
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Cort and aggression as well as status-dependent differences in Cort levels have been 
documented in a variety of species; (2) T and Cort (via the hypothalamus-pituitary-
gonadal and hypothalamus-pituitary-adrenal axes) interact at multiple levels influencing 
the release of each (see review by Wingfield and Sapolsky, 2003); (3) the stress response 
helps determine the aggressiveness of animals (Summers et al., 2005). 
Chapter 4 
Total steroid hormone and binding globulin capacity levels were measured and 
free steroid hormone levels were estimated at three different time points after the pairing 
of two males, and these levels were compared to control males.  The changes in hormone 
levels are temporally dynamic such that status differences are reflected in a temporal 
pattern of hormonal changes (Greenberg and Crews, 1990; Summers et al., 2003).  It has 
been suggested that the association between T and aggression or dominant status should 
only be expected when relationships are unstable (Sapolsky, 1993; see also ‘challenge 
hypothesis’ by Wingfield et al., 1987).  It is possible that status differences in steroid 
hormone levels are only reflected shortly after the pairing (see Greenberg and Crews, 
1990).  In this chapter we investigate how steroid binding globulins are regulated, and 
thus the control of free steroid hormones and their influence upon acquisition and 
maintenance of a social status.  Greenberg et al. (1984) found that intact males always 
held a dominant status when paired with castrated males.  This suggests that differences 
in T levels predict the outcome of a fight, so it is possible that the differences in steroid 
hormones may exist before the pairing of animals.  By including control groups and 
comparing the level of steroid hormone in social (winners/dominants and 
losers/subordinates) vs. non-social (controls) animal, we examine whether the status 
differences in steroid hormone levels, if any, are present before or after the pairing. 
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Chapter 5 
Androgen receptor (AR) mRNA density in the AH, POA, septum (SEP), and 
ventromedial nucleus (VMN) was measured at three different time points after the pairing 
of two males, and these levels were compared to control males.  As in many other 
species, androgen receptors are found in these regions involved in mediation of 
aggressive behaviors (Morrell et al., 1979; Rosen et al., 2002).  Circulating hormone 
levels may not differ by social status; however, the effect of steroid hormones can differ, 
depending on steroid hormone receptor number or the steroid hormone receptor binding 
affinity for the steroid hormone.  For example, dominant male cichlid fish had an 
increased expression of AR mRNA in the anterior portion of the brain compared to that 
of subordinates (Burmeister et al., 2007). 
Chapter 6 
Cells expressing AVT were counted in the AH, POA, supraoptic nuclei (SON), 
and posterior hypothalamus (PH) in dominant and subordinate animals after 10 days of 
interaction, and these levels were compared to control males.  It is possible that some 
neurotransmitters such as AVT and AVP are responsible for the differences seen in 
behavior, although any changes in these transmitter systems could be induced by initial 
changes in steroid hormone levels.  AVT and AVP are known to be involved in many 
social behaviors including aggressive behavior (for review, see Goodson and Bass, 2001), 
and brain AVT/AVP phenotypes are known to be regulated by circulating T levels (De 
Vries et al. 1984: De Vries et al. 1985; Van Leeuwen et al. 1985: Viglietti-Panzica, 
1994). 
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Chapter 7 
Findings from each chapter are summarized and an overall discussion is 
presented. 
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Chapter Two: Characterization of steroid binding globulins in green 
anole lizards, Anolis carolinensis 
Introduction 
Circulating steroid hormones exist in two different conditions.  One is bound to 
circulating proteins such as plasma steroid binding globulins and albumins (“bound 
hormones”).  The other is not bound to any proteins (“free hormones”).  Plasma steroid 
binding globulins are known to bind steroid hormones with high affinities and therefore a 
much larger percentage of steroid exists in the bound compared to the unbound form in 
human (Rosner, 1976; Siiteri 1982).  
Two types of plasma steroid binding globulins have been identified in mammals: 
corticosterone binding globulins (CBG) and sex hormone-binding globulins (SHBG).  
These proteins have a single steroid hormone binding site but are different in chemical 
structure (Rosner, 1990), and therefore they have different steroid binding characteristics 
(Hammond, 1995).  CBG binds C21 steroid hormones such as corticosterone and 
progesterone, while SHBG binds sex steroids such as testosterone and estradiol.  CBG- 
and/or SHBG-like proteins are also found in other classes other than mammalian; 
however, the pattern of binding characteristics of each plasma steroid binding protein 
does not appear consistent across taxa or even within the same class (CBG: see review by 
Brener and Orchinik, 2002; SHBG: see review by Petra 1991). In contrast to mammals, 
birds only have CBG, but in some species CBG have a high affinity for androgens 
(Breuner and Orchinik, 2002). Few studies have investigated binding globulins in other 
vertebrate groups. 
The exact role of steroid binding proteins is not well understood (Breuner and 
Orchinik, 2002) and both CBG and SHBG may have more than one major role in 
controlling steroid hormone action (Rosner, 1990).  First, steroid binding proteins are 
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thought to function as a buffer reservoir (Riley et al., 1988; Rosner, 1990).  Steroid 
hormones unbound to steroid binding globulins (“free”) are the functionally active form 
of steroid hormones (free hormone hypothesis; Mendel, 1989). Steroid hormones are 
hydrophobic, and therefore freely able to pass through capillary walls, the blood brain 
barrier, and/or cell membranes by simple diffusion (Mendel, 1989; Rosner, 1990).  
Steroid binding globulins therefore act as a buffer regulating the bioavailability of steroid 
hormones. They also protect them from steroid degradation (Hammond 1997; Rosner 
1990), increasing their half-life (Kurbel et al., 2003) and enabling them to travel to target 
organs/tissues (Hammond, 1997).  This concept is widely accepted (Pardridge, 1981).  
Second, steroid binding globulins may have more active roles other than being a steroid 
hormone carrier or reservoir.  Mammalian studies have shown that both CBG and SHBG 
bind to cell membranes, inducing the accumulation of cAMP (Nakhla, 1988; Rosner et 
al., 1988).  Also, intracellular CBG and SHBG are found in the steroid target cells (CBG: 
see review by Brener and Orchinik, 2002; SHBG: see review by Kahn et al., 2002), 
suggesting that they may have an intracellular function.   
When a steroid hormone is measured from a serum sample, the total (both bound 
and free) level of steroid hormones is being measured.  Further analysis to determine 
bound and free portions of steroid hormones is often ignored because the exact role of 
steroid binding proteins is not well understood (Breuner and Orchinik, 2002) and both 
CBG and SHBG may have more than one major role in controlling steroid hormone 
action (Rosner, 1990).  However, the interpretation of a study may be completely 
different depending on which portion (free or bound) of steroid hormones is being 
measured (Breuner and Orchinik, 2002).   
In the present study, we aim to understand the characteristics of steroid binding 
globulins in the lizard, Anolis carolinensis. One study of binding globulins in a different 
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lizard species (Jennings et al., 2000) indicated binding globulins with characteristics 
different from those in both mammals and birds.  The condition in the reptilian class is 
important to consider if we are to understand the evolution of steroid binding globulins, 
as mammals and birds have evolved separately from the reptiles. As such we sought to 
confirm the previously reported features of reptile sex binding globulins in another lizard 
species. In addition, understanding the characteristics of steroid binding globulins is 
necessary to measure their capacity and estimate free steroid hormone levels. 
Furthermore, the social behavior as well as life history have been well studied in anolis 
lizards (e.g. Greenberg and Nobel, 1944), and they have been an excellent model to study 
behavioral neuroendocrinology (Crews and Williams, 1977).  Information about binding 
globulin is necessary to perform a detailed analysis of steroid hormone-social behavior 
interactions in this often used model organism. 
Materials and methods 
Animals 
Green anole lizards were purchased from Charles Sullivan (Nashville, TN, USA).  
Upon arrival, each male was housed with a female in a 20 x 30 x 47 cm glass cage.  
Temperature was maintained between 25 and 32°C and a 14h:10h light: dark cycle was 
used.  Heat was provided by a 60-W incandescent heat lamp and 2 Vitalites.  Each cage 
contained a water dish with a rock, a wooden perch, and peat moss as ground material.  
Each animal was given crickets and sprayed with water three times a week.  All protocols 
were approved by The University of Texas Institutional Animal Care and Use 
Committees. 
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Sample collection 
Animals were quickly removed from their home cage and decapitated. Blood 
samples were collected into heparnized microhematocrit microcapillary tubes.  Blood 
samples were centrifuged for 10 minutes at room temperature and 4500 r.p.m..  The 
plasma was collected into centrifuge tubes and stored at -20°C until assayed.  Pooled 
plasma from 10 males was used for the characterization of the plasma binding globulins. 
Stripped plasma sample preparation  
Plasma samples were mixed with dextran-coated charcoal solution (0.1% dextra, 
1% Norit A charcoal in 50 mM Tris) into 1:3 dilutions for 20 minutes at room 
temperature (22°C) to remove endogenous steroid hormones.  The mix was then 
centrifuged for 10 minutes at 4°C and the supernatant was removed and diluted 1:12 with 
assay buffer (50 mM Tris, pH 7.4). 
Steroid binding globulin assays 
For all assays total binding is determined by incubating stripped plasma with 3H-
hormone and assay buffer.  Non specific binding is measured by incubation of stripped 
plasma, 3H-hormone and >500 fold unlabeled hormone.  The specific binding is given by 
subtracting non specific binding from total binding.  All assay reactions were carried out 
for 70 minutes at room temperature (22°C) and terminated by placing the assay tubes into 
ice-cold water for at least 2 minutes.  Bound and free fractions were then separated 
through rapid vacuum filtration over glass fiber filters (Brandel Harvester) with ice-cold 
rinse buffer (25 mM Tris, pH 7.4).  The filters were presoaked in 25 mM Tris with 0.3 % 
polyethylenimine for 1 hour.  After vacuum filtration, the filters were placed into a glass 
vial with 100ul of 100% ethanol for 10 minutes.  Each vial was filled with 5ml of 
scintillation fluid and counted via standard liquid scintillation spectroscopy. 
Competition Assay  
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Specificity of the steroid binding globulins was determined by competition assay.  
We performed three types of competition assays: using tritiated testosterone, 
corticosterone, or estradiol.  Each assay was carried out with three different unlabeled 
competitors: testosterone, corticosterone and estradiol.  All the binding reactions started 
upon mixing 50ul of the stripped plasma sample (final dilution 1:108) with equal parts 
[3H] steroid hormones (~2-5 nM) and unlabeled competitors (1 nM – 0.1 μM) or buffer 
(total binding).   
Equilibrium saturation analysis for testosterone 
Testosterone’s binding affinity for androgen-glucocorticoid binding globulin 
(AGBG) and SHBG and their binding capacities were determined by the equilibrium 
saturation assay.  The binding reaction started upon mixing 50ul of the stripped plasma 
sample (final dilution 1:108) with equal parts of 3.5 to 50 nM [3H] testosterone and 
unlabeled competitor (for measurement of non specific binding) or buffer (for 
measurement of total binding).  
From the competition assays we determined that testosterone has two binding 
sites (putative SHBG and AGBG; see the result and discussion section for detail).  In 
order to determine binding affinity to both sites independently, we used 0.1µM of 
unlabeled estradiol, a concentration sufficient to block one of the testosterone’s binding 
sites (SHBG; see the competition assay result and discussion for detail).  With this 
method we were able to determine the binding affinity for one of the testosterone binding 
sites (the one that does not bind to estradiol; AGBG).  To find testosterone’s binding 
affinity for the other binding site where estradiol also binds (SHBG) we subtracted the 
testosterone’s specific binding to AGBG from specific binding to both binding sites.  To 
clarify: we did one saturation curve with 3H-T and unlabelled T to measure both SHBG 
and AGBG together.  We did a second saturation curve with 3H-T and unlabelled 
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estradiol, which will measure AGBG characteristics independently of SHBG.  We then 
subtracted the AGBG curve from the AGBG + SHBG curve to determine characteristics 
of SHBG.  Both curves were run simultaneously. 
Equilibrium saturation analysis for corticosterone 
The binding reaction started upon mixing 50ul of the stripped plasma sample 
(final dilution 1:108) with equal parts of 2.8 to 40 nM [3H] corticosterone and unlabeled 
competitor (for measurement of non specific binding) or buffer (for measurement of total 
binding).   
Statistical analysis 
An iterative, least-squares curve-fitting technique (GraphPad Prism, San Diego, 
CA) was used to derive appropriate equations to model data from the competition and 
saturation analyses.   
Results 
Competition assay  
Binding specificity was obtained by series of competition assays.  Estradiol was a 
better competitor than corticosterone for 3H-testosterone binding sites.  However, 
estradiol was able to displace 75% of testosterone from testosterone bindng sites (Figure 
2.1).  This finding suggests that there are two different binding sites: a site that can be 
bound by either estradiol or testosterone and another site at which testosterone can bind 
to but not estradiol.  This if further supported such that testosterone was a better 
competitor than estradiol for 3H-corticosterone binding sites (Figure 2.2).  Also, 
testosterone was a better competitor compared to corticosterone for 3H-estradiol binding 
sites (Figure  2.3).   
 19 
Saturation assay 
Testosterone’s binding affinity (Kd) for AGBG was 46.95 ± 14.82 nM and for the 
SHBG was 9.4 ± 2.513 nM (Figure 2.4).  Binding capacity (Bmax) for AGBG was 1471 
± 143 nM and for SHBG was 654 ± 64 nM.  Corticosterone saturation binding analysis 
yielded a Kd = 78.2 ± 19.85 nM of corticosterone for AGBG. 
Discussion 
We characterized the steroid binding globulins of green anole lizards and found 
evidence for two different binding globulins.  3H-testosterone competitive binding assays 
revealed that two separate binding sites for testosteron.  Estradiol was a better competitor 
than corticosterone for testosterone binding sites but it was able to displace testosterone 
from only 75% of its binding sites.  That is, testosterone can bind to the same site as 
estradiol, but there is another site where testosterone (but not estradiol) can also bind.  
This finding was further supported by competition assays with 3H-corticosterone and 3H-
estradiol; testosterone was a better competitor compared to estradiol and corticosterone 
for corticosterone and estradiol binding sites respectively.  In summary, competition 
binding studies revealed the presence of two types of steroid binding globulins in green 
anole lizards: one binds to either testosterone or corticosterone (AGBG), and the other 
binds to either testosterone or estradiol (SHBG).  
Saturation assays were performed to determine testosterone’s binding affinities 
for AGBG and SHBG, and corticosterone’s binding affinity for AGBG.  Similar to the 
findings from tree lizards, the CBG-like steroid binding globulin is best described as an 
AGBG as testosterone has a higher binding affinity for it than does corticosterone 
(Jennings et al., 2000). The saturation assays further show that AGBG is in much higher 
concentration than SHBG, based on their relative binding capacities. 
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Our findings show that green anoles share similar steroid binding globulin 
characteristics with those of tree lizards (Urosaurus ornatus; Jennings et al., 2000).  That 
is, both species have two types of steroid binding globulins, AGBG and SHBG.  In both 
species, AGBG binds both corticosterone and testosterone, and is present in much greater 
capacity than SHBG.  Characterizations of steroid binding globulins have been performed 
in reptilian species other than Urosaurus ornatus, however, as Jennings et al. (2000) note, 
the differences in methodological procedure make it difficult to compare data.  These 
proteins have not yet been thoroughly characterized in reptilian systems and this needs to 
be done before firm conclusions can be made; however, the similarities in steroid binding 
globulin characteristics in two lizard species (Anolis carolinensis and Urosaurus ornatus) 
potentially could reflect evolutionarily conserved traits for the reptilian class. 
The binding globulin characteristics in reptiles such as Anolis and Urosaurus are 
different from those in other taxa in which steroid binding globulins have been described.  
For example, in mammals, most species have both CBG and SHBG, although some only 
have one type of steroid binding globulin, and in general mammalian CBG has a 
relatively high affinity for glucocorticoids and progestins (Wingfield, 1980).  In avian 
species, there are no studies which describe the presence of SHBG; however, in some 
species testosterone has relatively high affinity for CBG (Breuner and Orchinik, 2002). 
Green anoles and tree lizards are similar to some mammalian species (e.g. primates, 
Rosner et al., 1986; rabbit, Hansson et al., 1973) in that they both have two different 
types of steroid binding globulins, however, binding specificity of human CBG-like 
protein (i.e. AGBG) is different.  Both green anoles and tree lizards have CBG-like 
protein (AGBG) that has high binding affinity for testosterone, and this characteristic is 
similar to some avian species (e.g. dark-eyed juncos, Deviche et al., 2001).   
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There is a great need for more cellular and molecular studies in order to 
understand the mechanisms and therefore the function of steroid binding globulins in the 
regulation of steroid hormone action.  Understanding the properties of the steroid binding 
globulins is also necessary for performing in-depth measurements of steroid hormone 
levels to assess steroid hormone-social behavior interactions. The interpretation of 
hormone data could be different depending on which form (bound and/or unbound) of 
steroids is being measured and information about binding globulins is necessary to assay 
the two different forms (Breuner and Orchinick, 2002). In conjunction with other studies 
in different vertebrates, our results suggest that binding globulin characteristics are very 
different in mammals, birds, and reptiles, and therefore their significance for the 
behavioral endocrinology in each vertebrate group may differ. 
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Figure 2.1: Competition assay: radioligand estradiol displacement by unlabled estradiol, 
testosterone and corticosterone 
Testosterone is a better competitor than corticosterone for estradiol binding sites. 
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Figure 2.2: Competition assay: radioligand corticosterone displacement by unlabled 
corticosterone, testosterone and estradiol 
Testosterone completes well for the corticosterone binding sites but not estradiol. 
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Figure 2.3: Competition assay: radioligand testosterone displacement by unlabled 
testosterone, corticosterone and estradiol 
Estradiol completes better than corticosterone for testosterone binding site, but it 
can only displace up to 75% of testosterone binding site.  This finding shows that 
testosterone has two different binding sites. 
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Figure 2.4: Testosterone equilibrium saturation assay, showing that radioligand 
testosterone specific binding to the steroid binding globulins approaches 
saturation as the concentration of radioligand testosterone increases. 
Overall testosterone binding curve to both steroid binding globulins 
(AGBG+SHBG) and testosterone binding curve specific to SHBG in the presence of 
0.1µM estradiol competitor (SHBG) were directly measured.  Testosterone binding curve 
to AGBG (AGBG) was estimated by subtracting SHBG curve from AGBG+SHBG 
curve. 
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Chapter Three: Comparison of Total and Free Steroid Hormones in 
Dominant and Subordinate Male Green Anole Lizards, Anolis 
carolinensis 
Introduction  
Testosterone (T) and its effect on territorial aggression have been studied in many 
vertebrate species (Giammanco et al., 2005; Greenberg et al., 1984; Greenberg and 
Crews, 1990).  Castration decreases aggressive behavior, while T implants increase 
territorial aggression and restore the aggressiveness lost following castration (Adkins and 
Schlesinger, 1979; Brain, 1983; Crews et al., 1978).  T levels are elevated in dominant 
individuals compared to submissive ones (Blanchard et al., 2002) and in some cases T is 
necessary to maintain the dominant role (Albert et al., 1986).  A previously dominant 
male rat, after castration, loses its dominant role but if T treatment is given after 
castration the male continues to behave aggressively toward intruders (Albert et al., 
1986). 
The relationship between corticosterone (Cort) and territorial aggression has also 
been studied in a variety of species.  Cort implants lower animals’ aggressiveness as well 
as their T levels (DeNardo and Licht, 1993; Greenberg et al., 1984; Tokarz, 1987; 
Wingfield and Silverin, 1986).  Aggressiveness is also lowered when animals are given 
both Cort and T implants (DeNardo and Licht, 1993).  These studies show that Cort’s 
negative effect on territorial aggression can be dependent or independent of circulating T 
level.  Plasma Cort levels are elevated in both dominant and subordinate animals but the 
temporal pattern of the elevation is different between these groups (Summers et al., 
2003).  In dominant animals Cort levels rise very quickly in aggressive encounters but 
quickly return to baseline, while subordinate animals show a slow increase in 
corticosterone levels which stays elevated (Greenberg et al., 1984; Greenberg and Crews, 
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1990; Knapp and Moore, 1996; McKittrick et al., 2000; Summers et al., 1998).  Stability 
of the hierarchy is also known to be important when comparing dominant and 
subordinate individuals.  An association between baseline glucocorticoid levels and 
social ranking is found when social hierarchies are stable (Virgin and Sapolsky, 1997).  
Similarly, significant differences are found between territorial and non-territorial males 
under circumstances of high social stability (Fox et al., 1997).   
Despite the fact that T and Cort are widely accepted to influence aggression 
positively and negatively, respectively, there have been inconsistencies in attempts to 
compare normal circulating hormone levels and aggressiveness.  Circulating T levels and 
aggressiveness are not necessarily correlated (Wingfield, 2005) and the same applies to 
corticosterone level and territorial aggression (Blanchard et al., 2002).  
Previous studies have shown the effects of T on territorial aggression and 
dominance in male green anole lizards (Greenberg et al., 1984; Greenberg and Crews, 
1990), but other studies have not found differences in total T or Cort levels in dominant 
versus subordinate animals (Plavicki et al., 2004), nor a relationship between aggressive 
display and Cort levels (Yang and Wilczynski, 2003).  This ambiguity may possibly arise 
when only measuring total hormone levels, when in fact steroid hormones are present in 
two forms: “bound” to plasma steroid binding globulins or “free,” the unbound fraction.  
Studies have shown that the interpretation of behavioral endocrinology results varies 
depending on which portion (total or free) is being measured (see Breuner and Orchinik, 
2002).  Also, the generally accepted free hormone hypothesis (Mendel, 1989) posits that 
free steroid hormones are the bioactive form (see Chapter 2).  If the free hormone 
hypothesis is true, then it is more appropriate to measure free steroid hormones than total 
hormones when investigating a steroid hormone-social behavior interaction.   
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The aim of this study is to understand whether either free or total hormones are 
more clearly linked to social status, and more generally test ideas about whether the free 
form is the active one in terms of regulating behavior.  Comparing the steroid binding 
globulin capacities and free hormone levels in dominant and subordinate animals can 
help us understand physiologically relevant steroid hormone components in 
investigations of steroid hormone-social behavior interactions. 
Materials and methods  
Animals 
Each adult green anole lizard (Charles Sullivan, Nashville, TN, USA; N=16) was 
housed with a female in a 20 x 30 x 47cm glass cage containing a water dish with a rock, 
a wooden perch and peat moss.  Light and temperature were maintained to mimic 
breeding season conditions (14light: 10dark, 25-32 °C).  Each animal was fed crickets 
and sprayed with water three times a week.  All protocols were approved by The 
University of Texas Institutional Animal Care and Use Committees. 
Procedure 
Baseline body color (BC) was measured in each animal prior to the test.  Animals 
were paired based on their snout-vent length, and paired animals were allowed to form 
dominant-subordinate relationships in the following way.  Two males of similar size were 
placed in a neutral cage (20 x 30 x 47 cm) on day 1.  Each pair (n = 8 pairs) was housed 
with a female for ten consecutive days.  During the 10-day observation period each 
animal’s BC was recorded twice a day between 1200 and 1600 for five minutes as an 
index of social status.  BC has been successfully used as an index of social status in these 
animals: dominant animals manifest lighter green body color compare to that of 
subordinate animals after aggressive encounters (Greenberg and Crews, 1990; Plavicki et 
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al., 2004).  The BC was scored 1 through 5 and this protocol was adapted from Yang et 
al. (2001; table 3.1). 
Sample collection 
Blood samples were collected by quick decapitation on day 10 between 14:00 and 
16:00.  Blood samples were then centrifuged for about 10 minutes at room temperature 
and 4500 r.p.m. and the plasma phase was collected and stored at -20°C until assayed. 
Steroid binding globulin assays 
In order to remove endogenous steroid hormone, plasma samples were mixed 
with dextran-coated charcoal solution (0.1% dextran, 1% Norit A charcoal in 50 mM 
Tris) into 1:3 dilutions for 20 minutes at room temperature (22°C), and then centrifuged 
for 10 minutes at 4°C.  The supernatant was removed and diluted 1:12 with assay buffer 
(50 mM Tris, pH 7.4).   
Fifty microliters of the stripped plasma sample (final dilution 1:108) were mixed 
with equal parts of 30 nM [3H] T and unlabeled competitor (T or estrogen: see below) or 
buffer (total binding) for 70 minutes at room temperature.  39 % of androgen 
glucocorticoid binding globulins (AGBG) total binding sites and 76 % of sex hormone 
binding globulins (SHBG) total binding sites should be occupied by this [3H] T 
concentration as estimated by the affinity derived from the T equilibrium saturation 
analysis (See Chapter 2).  Each sample was measured under three conditions: [3H] T 
alone (to measure of both AGBG and SHBG capacities), [3H] T with 0.1 μM unlabelled 
estradiol (to measure AGBG capacity), and 1 μM of unlabeled T to detect non-specific 
binding.  SHBG capacity was determined by subtracting AGBG capacity from AGBG 
plus SHBG capacity.  The reaction was carried out for 70 minutes at room temperature 
and terminated by placing the mixture tubes into ice-cold water for at least 2 minutes.  
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Following the termination the mixture was rapidly vacuumed through glass fiber filters 
(Brandel Harvester) with ice-cold rinse buffer (25 mM Tris, pH 7.4).  After filtration, the 
filters were placed into a glass vial with 100 μl of 100% ethanol and 5 ml of scintillation 
fluid and counted via standard liquid scintillation spectroscopy.  All samples were run in 
triplicate.   
Total hormone assays 
Plasma samples were spiked with approximately 600 cpm of [3H] T or [3H] Cort, 
respectively, for T or Cort assay and left overnight.  On the next day, the samples were 
extracted with 4 ml of ether and dried under a nitrogen stream.  The sample was then 
reconstituted with assay buffer provided in a T and Cort assay kit (Assay Designs Inc., 
Ann Arbor, MI, USA).  The assay was performed according to the kit manufacture’s 
directions.  Both assays were performed in triplicate and run in one assay.  Assay values 
were corrected for individual recoveries.  Some samples’ recovery rates exceeded 100 % 
and these samples were not corrected for individual recovery rate.  Mean recoveries were 
as follows: T: 93 %; Cort 95 %.  The intraassay coefficient of variation was 7.7 % for T 
and 5.6 % for Cort.  The sensitivity of assay kit was 3.82 pg/ml for T and 27.0 pg/ml for 
Cort. 
Statistical analysis 
Repeated measures analysis of variance (ANOVA) was used for body color 
scoring.  Paired samples t-tests were used to assess the differences between dominant and 
subordinate males in total and free hormones, and in steroid binding globulin capacities.  
These tests were performed using Statistical Package for Social Sciences (SPSS Inc., 
Chicago, IL, USA).  Free Cort levels were calculated by using the equation given by 
Barsano and Baumann (Barsano and Baumann, 1989):  Hfree = 0.5 x {Htotal – Bmax – 
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1/Ka ± √[( Bmax – Htotal + 1/Ka)2 + 4(Htotal / Ka)]}.  Hfree is free hormone, Htotal is 
total hormone, Bmax is total binding capacity and Ka is 1/ dissociation constant (Kd).  
All values are expressed in nM.   
The Barsano and Baumann equation was also used for calculating free T level.  
From the competition assay we found that T has two binding sites (AGBG and SHBG; 
see Chapter 2).  As T has a higher binding affinity to SHBG (Kd = 9.4nM), we first 
calculated how much T is bound by SHBG.  We then used the remaining T value to 
calculate how much T is bound to AGBG; the remainder of the T (unbound by both 
SHBG and AGBG) is the free T estimate.  This method has several assumptions built in: 
primarily, we assume that since T has higher affinity for SHBG than for AGBG, we 
should calculate hormone bound to SHBG first.  Currently there is no equation for 
estimating free hormone levels when two separate binding globulins exist for that 
hormone.  It would be preferable to directly measure the free T; however, there is no 
assay that will currently measure such excessively low T levels from such small amounts 
of plasma (~100 μl).  As such, we are relying on the calculations described above, as 
used in Deviche et al. (2001), Zysling et al. (2006), and Lynn et al. (2007). The potential 
error induced by these estimations should make it more difficult to detect differences 
between groups, leading us to have more confidence in the differences that we do detect. 
Results  
Behavior 
All pairs maintained a stable dominant-subordinate relationship throughout the 
experimental period (10 days) as reflected by body color (F=39.917, df=1, 14, P<0.001).  
Dominant animals showed greener body color compared to subordinate animals (Figure 
3.1). 
 32 
Steroid binding globulins 
Both AGBG and SHBG capacities did not differ significantly between dominant 
and subordinate animals (AGBG: t = -0.837, df = 14, P = 0.417; SHBG: t = -1.025, df = 
14, P = 0.323; Figure 3.2).  In both dominant and subordinate animals the Bmax was 
much higher for AGBG than SHBG (AGBG: 1874 ± 100 nM; SHBG: 540 ± 65 nM). 
Total hormone levels 
The mean total T levels were 16.1±1.1 ng/ml for dominant animals and 14.6±2.2 
ng/ml for subordinates.  The mean total Cort levels were 14.7±2.2 and 22.8±5.2 ng/ml for 
dominant and subordinate animals respectively.  The total T and Cort levels did not differ 
between dominant and subordinate animals T: t = 0.623, df = 14, P = 0.543, Figure 3.3; 
Cort: t = -1.438, df = 14, P = 0.172, Figure 3.4). 
Free hormone levels 
Dominant animals had a mean value of 12.4±1.7 pg/ml free T, while subordinates 
measured 5.6±1.3 pg/ml.  Dominant animals had elevated free T compared to subordinate 
animals (t = 3.156, df = 14, P = 0.007; Figure 3.5).  Mean free Cort levels were 0.5±0.1 
ng/ml for dominant animals and 0.8±0.2 ng/ml for subordinates.  Free Cort levels 
between dominant and subordinate animals were not significantly different (t = -1.542, df 
= 14, P = 0.145; Figure 3.6). 
Discussion  
In this experiment it was tested whether free and/or total hormone levels were 
associated with social status.  Findings regarding total hormone levels were consistent 
with a previous report in this species (Plavicki et al., 2004).  Total T and Cort levels did 
not significantly differ between dominant and subordinate animals.  Neither AGBG nor 
SHBG capacities differed between dominant and subordinate males.  Free T levels in 
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dominant animals, however, were elevated compared to subordinate animals.  Thus these 
data do support the hypothesis that free hormones are the biologically active form related 
to maintaining dominance status.  There is strong experimental evidence that higher T 
leads to more aggression and dominance status (see review in the Introduction). Our data 
are consistent with this, with the important addition that it is the free fraction of T that 
may be the active form mediating this effect. 
Free Cort levels, however, were not significantly different in dominant versus 
subordinate animals. The pattern of total and free Cort in dominants and subordinate was 
similar, with slightly but nonsignificantly higher levels in subordinates than dominants.   
Our measure reflects only chronic, or baseline, levels of Cort, and is not indicative of 
transient Cort responses to stressful events.  Hormone profiles during the initial 
interaction or immediately after it may be quite different than the baseline levels after the 
social hierarchy has been established (Summers, 2001; Wingfield et al., 1990).  Social 
status is known to produce individual differences in the modulation of hypothalamic-
pituitary-adrenal axis sensitivity (Moore and Jessop, 2003).  Plavicki et al. (2004) found 
that subordinate and dominant male anoles had similar baseline Cort levels, but that their 
acute responses to a forced movement stress was significantly different. Dominant 
animals recovered to baseline much more quickly after the event. Other authors (e.g. 
Greenberg et al., 1984; Knapp and Moore, 1996; McKittrick et al., 2000) have reported 
similar effects in other stressful situations. It is also possible that dominant and 
subordinate animals have different sensitivity to Cort, although this has not been tested.  
It would not be inconsistent with other studies to find that dominant animals will still 
behave more aggressively even though measured Cort levels are not significantly 
different from those of subordinate ones.  For example, Yang and Wilczynski (2003) 
found that Cort levels did not correlate with aggressive responses to a video playback in 
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male anoles. In free living male tree sparrows, experimentally-induced Cort elevation did 
not affect territorial aggression or circulating T levels (Astheimer et al., 2000).   
The proposed functions of the steroid binding globulins as a steroid carrier or 
being an active part of steroid hormone action may not be mutually exclusive in that 
steroid binding globulins possibly have several functional mechanisms to control the 
steroid hormone action at multiple levels.  Also, species variation and environmental 
influence in the role of steroid binding globulins is suggested (Jennings et al., 2000), as 
an inconsistent relationship exists between total hormone levels and steroid binding 
globulins (Breuner and Orchinik, 2002; Jenningss et al., 2000).  Although the function of 
steroid binding globulins still remains in question, our study emphasizes the importance 
of incorporating the presence of these proteins into studies of hormone-behavior 
interactions.  In our data, different conclusions might have been drawn had we only 
compared total hormone levels.  Even though total T levels and AGBG and SHBG 
capacities did not significantly differ between dominant and subordinate animals, 
estimated free T levels were significantly different between these groups. These data 
therefore support the free hormone hypothesis of steroid action.   
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Figure 3.1: 10-day observation of body color changes in dominant and subordinate 
males 
Dominant animals are shown in black and subordinate animals are shown in 
white.  Data are means ± SEM. 
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Figure 3.2: Comparison of AGBG and SHBG capacities in dominant and subordinate 
animals 
There are no significant differences in capacities of the steroid binding globulins 
in dominant and subordinate animals.  Data are means ± SEM. 
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Figure 3.3: Comparison of total T levels in dominant and subordinate animals 
There are no significant differences in total T levels in dominant and subordinate 
animals.  Data are means ± SEM. 
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Figure 3.4: Comparison of total Cort levels in dominant and subordinate animals 
There are no significant differences in total Cort levels in dominant and 
subordinate animals.  Data are means ± SEM. 
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Figure 3.5: Comparison of Free T levels in dominant and subordinate animals 
Dominant animals had significantly higher free T levels compared to subordinate 
animals.  Data are means ± SEM. 
 
 
 
 40 
 
 
 
Figure 3.6: Comparison of free Cort levels in dominant and subordinate animals 
There are no significant differences in free Cort levels in dominant and 
subordinate animals.  Data are means ± SEM. 
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Score Body color  
1 bright green  
2 green with some brown speckles  
3 between green and brown; part green, part brown 
4 brown 
5 dark brown 
Table 3.1: Body color scoring system 
Dominant animals manifest brighter green body color (lower body color score) 
compared to that of subordinate animals (higher body color score). 
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Chapter Four:  Temporal and status plasticity in hormone profiles 
following agonistic interaction 
Introduction 
In territorial species, agonistic behavior is an essential aspect of reproductive 
behavior (Crews, 1979a) and animals’ ability to successfully gain and defend a territory 
is an important factor that further affects their reproductive success.  Territorial 
aggression is characterized by a stereotypical behavioral repertoire, yet it is flexible to 
change by the external environment  (i.e. context and stimulus) as well as the internal 
state of an animal (i.e. reproductive state and hormonal condition; Greenberg, 2003). This 
flexibility may also be shaped by experience as an animal can modify its territorial 
aggression as a result of social experience (Yang et al., 2001; Yang and Wilczynski, 
2003), and its pattern of fighting tactics may change with age (body size; Lailvaux et al., 
2004). This reflects individual variation observed in agonistic behavior in Anolis 
carolinensis (Ingle and Crews, 1985).     
Plasticity is also found in the underlying physiological mechanisms of agonistic 
behavior.  Agonistic behavior accompanies and is influenced by the secretion of adrenal 
and gonadal hormones (Brain and Haug, 1992) and plasticity in the hormones associated 
with agonistic behavior has been observed (Yang and Wilczynski, 2002; Knapp and 
Moore, 1995; Greenberg and Crews, 1990).  Changes in steroid hormone levels are 
temporally dynamic and status differences are known to be reflected in a temporal pattern 
of hormonal changes (Greenberg and Crews, 1990; Summers et al., 2003).  For example, 
in Anolis carolinensis, total T levels increased 470% above control levels after one hour 
of agonistic interaction and returned to control levels after one day in winners (Greenberg 
and Crews, 1990).  On the other hand, total T levels did not change one hour after losing 
a fight but did drop gradually (Greenberg and Crews, 1990).  Status differences in adrenal 
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hormones such as corticosterone and epinephrine have been found as social stress is 
profoundly involved in agonistic behavior (Greenberg et al., 1984; Greenberg and Crews, 
1990; Summer, 2003).  Corticosterone is associated with chronic social stress 
(Greenberg, 2002); status differences in Cort levels are found after 3 weeks of agonistic 
interaction (Greenberg et al., 1984), although Cort levels also increase in both dominant 
and subordinate animals in earlier stages (1 hour to 1 day) of agonistic interaction 
(Greenberg and Crews, 1990).  Circulating epinephrine, norepinephrine, and 
melanotropin levels are reflected in body color in Anolis carolinensis, and increased 
epinephrine and melanotropin levels cause melanin dispersion, i.e., darkening of the skin 
(changes green to brown; reference).  Darkening of skin color is a characteristic found in 
subordinate animals, while dominant animals often do not change their skin color from 
their control levels (stays green; Greenberg et al., 1984; Greenberg and Crews, 1990; 
Hattori and Wilczynski 2009; Plavicki et al., 2004). 
Changes in steroid binding protein and free hormone levels associated with social 
status are also found in rats.  For example, chronic social stress observed using a visible 
burrow system reduced plasma corticosterone binding protein (CBG) capacity by 70% in 
subordinates and 40% in dominants compared to control animals (Spencer et al., 1996).  
Another study found that there were no status differences in total Cort levels, although a 
dramatic reduction in CBG level was found in subordinates and no changes were 
observed in CBG levels in dominants after 7 days of dyadic interaction (Stefanski, 2000). 
In Chapter 3, status-dependent differences were found in free T levels but not 
total T or Cort levels, after 10 days of interaction; dominant animals had significantly 
higher free T levels compared to that of subordinates. In order to understand how social 
status is reflected in free T levels, the development of hormonal changes was studied in 
this chapter.  Two males were randomly paired and allowed to form a social hierarchy, 
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and total T and Cort levels and steroid binding protein capacity levels were measured and 
free T and Cort levels were estimated at three different time points following the pairing 
of two males.  Two types of control groups were added in this study to allow us to 
understand in which direction changes, if any, occur.  
Materials and methods 
Animals 
Adult Anolis carolinensis were purchased from Charles Sullivan (Nashiville, TN, 
USA).  Upon arrival in the laboratory each male was housed with a female in a 20 x 30 x 
47 cm glass cage with perching wood, peat moss, a water dish, and a rock.  The animal 
room was maintained on a 14:10/light:dark cycle and room temperature was kept at 22 to 
32 oC.  Each animal was fed with crickets and sprayed with water three times a week.  
All animals were kept in this condition for at least 10 days prior to the experiment. 
Procedure 
Adult males of similar sizes were randomly paired and allowed to form a 
dominant-subordinate relationship in a neutral cage. They then remained together for 2 
hours, 3 days, or 10 days with a female (6 groups total, N=74: 2 social statuses X 3 
durations).  The initial fighting was observed (also videotaped) to determine a winner and 
loser as described in Greenberg and Crews (1990).  Briefly, before the winner and loser 
were determined, a pair of animals had to engage in agonistic interaction including the 
expression of lateral compression and eye spots.  The one that withdrawed from the fight 
(i.e. termination of aggressive display and fleeing from the sight of the opponent male) 
and adopted a head-down submissive posture was categorized as the “loser”.  The 
remaining male that continued to express aggression towards the opponent (“loser”) was 
categorized as the “winner”.  If the winner-loser relationship stayed stable this 
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relationship is considered to be a dominant-subordinate relationship in day 3 and day 10 
pairs.  Body color (BC), site selection and reproductive behavior (agnostic and mating 
behaviors) were observed for 15 minutes every day between 1200 and 1400 to assess a 
dominant-subordinate relationship.  BC has been successfully used as an index of social 
status in these animals: dominant animals manifest lighter bright green BC compared to 
that of subordinate animals after aggressive encounters (Greenberg and Crews, 1990; 
Plavicki et al., 2004).  Dominant animals also show a preference to select a higher site 
selection compared to subordinates (Greenberg and Crews, 1990; Plavicki et al., 2004).  
The BC and site selection were scored 1 through 5 (BC: see Chap. 3, table 3.1; site 
selection: table 4.1).  The BC scoring protocol was adapted from Yang et al. (2001), and 
site selection scoring was modified from Greenberg and Crews (1990).  Two types of 
control groups were used in the present study: (1) singly housed males, and (2) a male 
with a female (both groups n=4).  They were handled in the same manner as the 
experimental groups for all the procedures.   
Animals were sacrificed between 14:00 and 16:00 on different days depending on 
their group (after 2 hours, 3 days, or 10 days of pairing) by a quick decapitation.  
Corticosterone levels are known to be relatively high between 14:00 and 16:00 
(Greenberg and Crews, 1990).  The trunk blood was collected into heparnized 
microcapillary tubes.  Blood samples were centrifuged for 10 minutes at room 
temperature.  The plasma was collected into centrifuge tubes and stored at -20°C until 
assayed.   
Steroid hormone assays 
The same procedures were used as described in Chapter 3.  For both T and Cort 
assays, all samples were run in the same assay.  Samples were run in triplicate for T 
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assays and duplicate for Cort assays.  Average extraction recovery rate was 75% for both 
T and Cort assays.  Intra-assay variability was 7.4% for T and 10.6% for Cort, and inter-
assay variability was 3.34% for T and 9.91% for Cort. 
Steroid binding globulin assays 
The same procedures were used as described in chapter 2 and 3.  All samples 
were run in triplicates and in the same assay. 
Statistical analysis 
BC and site selection of dominant and subordinate animals during 15 minutes of 
observation were analyzed by repeated measure analysis of variance (ANOVA).  Free 
Cort and T levels were estimated by applying the Barsano and Baumann equation (1989; 
see Chapter 3 for details).  In order to obtain a normalized data distribution, free and total 
hormones and steroid binding globulin capacity levels were log transformed prior to any 
statistical analysis.  A two-way multivariate analysis of variance (MANOVA; group, time 
and group x time interaction) was conducted to determine the overall effect of group 
(status) and time on total hormones and steroid binding globulin capacities.  Since free 
hormone levels were estimated from total hormone levels and steroid binding globulin 
capacities, a separate two-way MANOVA was conducted for assessing group and time 
effects on free hormone levels to avoid a correlation among dependent variables and type 
I error.  Pairwise comparisons followed to determine group differences within each time 
point and time effects within each group.  All pairwise comparisons were Bonferroni 
corrected, except for a comparison of free T in10 day dominants vs subordinates (a priori 
comparison) which was planned based on the findings from Chapter 3. 
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Results 
Body Color 
There were group differences in BC in the 2 hr condition (Figure 4.1: F(3, 
30)=3.327, P=0.033).  Subordinates’ body colors were significantly darker that that of 
dominants (Tucky HSD: P=0.006).  There were overall group differences in BC in the 
day 3 condition as well (Figure 4.2: F(3, 28)=5.951, P=0.003).  More specifically, post 
hoc analysis (Tukey HSD) revealed that subordinate animals’ body colors were 
significantly darker than that of dominants or control males (subordinates vs., dominants , 
p<0.001; vs. control males housed with a female, p=0.034; vs. singly housed males, 
p=0.015).  Similar findings were found for animals after 10 days.  There were overall 
group differences (Figure 4.3: F(3,28)=67.485, P<0.001), and subsequent post hoc 
analyses (Tukey HSD) revealed that subordinates’ body colors were significantly darker 
than other groups (P≤0.001 for all comparisons). 
Site selection 
There were overall group differences in site selection in all time groups (Figure 
4.4: 2 hr: F(3, 30)=5.548, P=0.004; Figure 4.5: day 3: F(3, 28)=8.176, P<0.001; Figure 
4.6: day 10: F(3,30)=66.468, P<0.001).  Post hoc analyses (Tukey HSD) revealed that in 
both day 3 and day 10 groups, subordinate animals had lower site selection scores 
compared to that of other groups (day 3: subordinates: vs. domimants, P<0.001; vs. males 
housed with a female, P=0.04; vs. singly housed males, P=0.014; day 10: p<0.001 for all 
comparisons).  After 2 hr of interaction subordinates also had significantly lower site 
selection scores compared to that of dominants and singly housed control males 
(subordinate vs. dominant: P<0.001; subordinate vs. singly housed control male, 
P=0.022).    
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Total hormones and steroid binding globulins 
There were significant multivariate group and time effects in total Cort and T 
levels and steroid binding globulins (MANOVA: group effect: Wilks’ Lambda=0.532, 
F(12, 219.9)=4.934, P<0.001; time effect: Wilks’ Lambda=0.796, F(8, 166)=2.513, 
P=0.013) but there was no group by time interaction (MANOVA: Wilks’ Lambda=0.715, 
F(24, 290.8)=1.222, P=0.221).  Subsequent univariate ANOVA demonstrated that there 
were significant group differences in total T (F(3, 86)=3.875, P=0.012), total Cort (F(3, 
86)=9.292, P<0.001) and AGBG (F(3, 86)=3.677, P=0.015).  Also, there were significant 
time differences in total T (F(2, 86)=5.407, P=0.006) and SHBG (F(2, 86)=4.281, 0.017). 
Pairwise comparisons: 
Total T 
Winners had significantly higher total T levels compared to losers in 2 hr groups 
(Figure 4.7: Table 4.2: P=0.025) but not in 3 day or 10 day groups (Figure 4.7: Table 4.2: 
3-day: P=0.563; 10-day: P=1.0).  Total T levels in winners/dominants were significantly 
lower from 2 hr to 10 day interactions (Figure 4.7: Table 4.3: P=0.029).  There was no 
temporal variation in total T levels in loser/subordinates and the two controls groups 
(Figure 4.7: Table 4.3).   
Total Cort  
There were no significant group differences in total Cort levels among 2 hr groups 
(Figure 4.8). In 3 day groups, total Cort levels were significantly elevated in dominants 
and subordinates compared to that of control males housed with a female (Figure 4.8: 
Table 4.2: dominant: P=0.018; subordinate: 0.003).  Subordinate animals had 
significantly higher total Cort compared to singly housed males in 10 day groups (Figure 
4.8: Table 4.2: P=0.043).   
AGBG 
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Winners’ AGBG capacity levels were elevated compared to singly housed control 
males in 2 hr groups (Figure 4.9: Table 4.2: P=0.036).  No other group differences 
(Figure 4.9: Table 4.2) or time effects were found in AGBG levels (Figure 4.9: Table 
4.3).   
SHBG 
There were no group effects for SHBG (Figure 4.10: Table 4.2).  However, there 
were time effects in winners/dominants.  SHBG capacity levels were significantly lower 
in the 10 day dominant group compared to winners/dominants in 2 hr and 3 day groups 
(Figure 4.10: Table 4.3: 2 hr winner: P=0.001, 3 day dominant: p<0.001).  No temporal 
changes in SHBG capacity levels were observed in either control group (Figure 4.10: 
Table 4.3).     
Free hormones 
There were overall group differences (Wilks’ Lambda=0.671, F(6, 170)=6.254, 
P<0.001) but time or group by time interaction effects were not found (time effect : 
Wilks’ Lambda=0.911, F(4, 170)=2.031, P=0.092; interaction: Wilks’ Lambda=0.904, 
F(12, 170)=0.732, P=0.719).  Univariate ANOVA revealed that there were significant 
overall group differences in Free T and Cort (Free T: F(3, 86)=5.513, P=0.002; Free Cort: 
F(3, 86)=7.159, P<0.001) 
Pairwise comparisons: 
Free T 
An a priori test revealed that dominant animals had significantly higher free T 
levels compared to that of subordinates in 10 day groups (Figure 4.11: Table 4.4: 
P=0.043).  Winners had significantly higher free T levels compared to that of losers in 2 
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hr groups (Figure 4.11: Table 4.4: P=0.01).  No other significant group differences were 
found in free T levels (Figure 4.11: Table 4.4).     
Free Cort 
There were no group differences in free Cort levels (Figure 4.12: Table 4.4).   
Discussion 
Losers/subordinates’ body color scores were significantly higher, i.e. darker, than 
that of winners/dominants and control males.  Also, loser/subordinates’ site selection 
scores were significantly lower compared to that of dominants and control males.  These 
findings are consistent with previous findings (Greenberg and Crews, 1990; Plavicki et 
al., 2004).  Status differences were reflected in the BC and site selection, such that losing 
a fight and holding a subordinate status affected the BC and site selection relative to 
controls.  These findings also showed that social hierarchy was stable throughout the 
behavioral experiment in all pairs.   
Total T levels were significantly higher in winners compared to that of losers or 
control groups in 2 hr groups, however, there were no group differences in 3 or 10 day 
groups.  The presence of a female did not affect total T levels.  Although the sample size 
in control groups was rather small, the two control groups’ total T levels were not 
different from each other at any time points.  It was surprising to see that total T levels 
were not affected by the presence of a female, since the presence of a female is known to 
affect testicular growth and sperm development (Crews, 1979b).  The receptivity of the 
females used in this study is unknown.  It is possible that not only the presence of a 
female but also her reproductive state might have an effect in stimulating T secretion in 
males.  For example, in white-crown sparrows, the presence of a receptive female had the 
effect of inducing T secretion in males (Moore, 1982).     
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Total T levels of winners in the 2 hr group were significantly higher than that of 
dominants in the 10 day group.  This finding suggests that there was a winning effect on 
total testosterone levels shortly after a fight but this increase does not seem to be 
sustained for a long period of time. Greenberg and Crews (1990) made similar 
observations of total T levels in winners and dominants.  After one hour of agonistic 
interaction total T levels increased 470% above the control level on average, but no such 
increase in total T levels was observed after 7 days of agonistic interaction (Greenberg 
and Crews, 1990).  This finding agrees with the ‘challenge hypothesis’ developed by 
Wingfield et al. (1987), which posits that total T has its strongest effect at the time when 
social systems are unstable or territories are being formed, and increased T is observed as 
a result of increased male-male interactions but its level declines with decreased male-
male interactions.  Total T levels in losers/subordinates, however, did not seem to agree 
with the findings by Greenberg and Crews (1990).  Greenberg and Crews (1990) found 
that total T levels were significantly reduced compared to control levels at 1 hour or 1 
week post-fight, but not after 1 day.  This difference could reflect the differences in 
method.  First, in the present study, two males were removed from their home cages and 
paired in a neutral arena, while pairs of males were introduced to each other upon 
removal of a opaque divider between the two males’ home cages in Greenberg and 
Crews’s study (1990).  Aggressive behavior is strongly affected by the environment 
(Crews, 1979b; Greenberg, 2003), so not only losing a fight but also losing territory 
might have a more profound effect, reflected in reduction in total T levels, than losing a 
fight in an unfamiliar area.  Second, hormonal changes are temporally dynamic 
(Greenberg and Crews, 1990; Summers et al., 2003) and timings at which the hormone 
measurements were taken differed in these two studies, thus making it difficult to directly 
compare the two studies.    
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Total Cort levels in dominants and subordinates were significantly higher than 
control males housed with a female in 3 day groups.  It is difficult to determine what 
caused the differences, since they were found between animals that held a social status 
(dominants and subordinates) and control males housed with a female, but not singly 
housed males.  It is possible that engaging in continuous agonistic interaction is socially 
stressful to animals (Greenberg et al., 1984; Greenberg and Crews 1990; Yang and 
Wilczynski, 2003), however, animals may habituate to or learn to cope with the new 
social environment with time.  Yang et al. (2001) found that animals habituated to 
frequent stimuli (i.e. video playback of a conspecific males displaying territorial 
aggression) in a familiar context after 3 days of encounter.  Alternatively, this increase in 
total Cort may have been necessary for animals to habituate to the new environment.  
When animals were given the Cort synthesis blocker metyrapone, behavioral plasticity 
associated with social experience was lost (Yang and Wilczynski, 2003).  No other group 
or time differences were found in total Cort level.  This finding was similar to Greenberg 
and Crews’ study (1990) insofar as there was no status effect at any time points, although 
the status difference was reflected in body color differences.  Status differences in total 
Cort levels were found in chronic social hierarchy stress (> 3 weeks) such that total Cort 
levels were significantly elevated in subordinates (Greenberg et al., 1984).   
Agonistic interaction did not have any effect on changing the level of AGBG at 
any time points.  Since no status difference was found in total Cort levels either, free Cort 
levels were not affected by social status.  In rats, social stress associated with formation 
and maintenance of a social hierarchy was reflected in reductions in CBG levels such that 
they decreased in both dominants and subordinates after chronic social hierarchy stress, 
though to a greater extent in subordinates (Spencer et al., 1996).  Another study with rats 
found that reductions in CBG levels were observed after the formation of a social 
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hierarchy but only in subordinates (Stefanski, 2000).  These two studies suggested that 
chronic social confrontation increased free Cort levels in subordinates by reducing the 
level of CBG (Spencer et al., 1996; Stefanski, 2000).  Binding characteristics of steroid 
binding proteins vary from species (see review by Breuner and Orchinik, 2002), and thus 
it is difficult to compare studies using different animal models.  In green anole lizards, 
AGBG binds to both T and Cort (see Chapter 2), and therefore changes in AGBG levels 
would affect the level of both free T and Cort, if total hormone levels do not change.  
Also, there are species variations in the relationship between circulating hormone and 
steroid binding protein levels, which suggests that the function of steroid binding proteins 
may be both context-dependent and species specific (Jennings et al., 2000).  For example, 
total T or Cort levels were not different between territorial and non-territorial morph 
types in tree lizards (Moore et al, 1998; Jennings et al., 2000), however, AGBG levels 
were significantly higher in territorial morphs than in non-territorial morphs, leading to 
morph differences in free Cort levels (Jennings et al., 2000).  In tree lizards, morph 
differences are reflected in the control of circulating free Cort levels, while status 
differences are more associated with free T levels in green anole lizards (see below).  
No overall group differences were found in SHBG.  Also, SHBG levels did not 
change with time, except in winners/dominants.  SHBG levels were significantly lower at 
10 days compared to 2 hr or 3 days in dominants.  This could be due to high total T at 2 
hr in winners (see above).  In a human study, T administration resulted in reducing 
circulating SHBG levels (Plymate et al., 1983).  Since SHBG binds to T (see Chapter 2), 
the temporal change in SHBG in winners/dominants seems to be reflected in free T 
levels.  Status differences were found in free T at day 10 and this finding was consistent 
with the results in Chapter 3.  Free T levels were significantly higher in dominants 
compared to that of subordinates.  Winners at 2 hr also had a significantly higher free T 
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level compared to that of losers.  These finding suggest that losing a fight and being 
subordinate as well as the presence of a female do not affect free T levels, rather winning 
a fight and maintaining a dominant status results in increasing free T levels.  However, 
different mechanisms seem to influence the control of circulating free T levels at 2 hr and 
day 10.  Higher free T levels in winners were due to increased total T level at 2 hr, while 
reduced SHBG levels resulted in increasing free T at day 10.  This free T level may 
underlie the behavioral plasticity associated with social hierarchy (see Chapter 1); 
dominant animals were more aggressive to a novel stimuli in an unfamiliar area 
compared to subordinates.  However, it warrants future study to understand how 
circulating SHBG levels are controlled and their relationship to steroid hormones and 
agonistic behavior in green anole lizard.   
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Figure 4.1: Changes in body color scores in 2 hr groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
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Figure 4.2: Changes in body color scores in 3 day groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
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Figure 4.3: Changes in body color scores in 10 day groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
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Figure 4.4: Changes in site selection scores in 2 hr groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
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Figure 4.5: Changes in site selection scores in 3 day groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
 
 
 
 
 
 
 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
baseline day1 day2 day3
P
e
r
c
h
s
it
e
 s
e
le
c
t
io
n
Dominant
Subordinate
Cont. 1
Cont. 2
 60 
 
Figure 4.6: Changes in site selection scores in 10 day groups   
Cont. 1 is males housed with a female and Cont. 2 is singly housed males.  Data 
are means ± SEM. 
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Figure 4.7: Changes in Total T levels by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 4.8: Changes in Total Corts levels by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 4.9: Changes in AGBG capacity by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 4.10: Changes in SHBG capacity by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 4.11: Changes in Free T levels by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05.  (* indicates significance achieved by a pariwise 
comparison; ** indicates significance achieved by a priori comparison.) 
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Figure 4.12: Changes in Free Cort level by group and time 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Score  Site selection  
5 Upper perch  
4 Lower perch  
3 Side walls; on substrate in sight of other male 
2 On ground; covert perching, out of sight of other male 
1 Hiding under substrate or ground materials  
Table 4.1: Site selection scoring system 
Winners and dominant animals prefer high scored sites, while losers and 
subordinates select low scored sites.   
 
Time Group    Sig.        
      Total T 
Total 
Cort AGBG SHBG 
2 hr 
Winners/dominants 
vs. Losers/subordinates 0.025* 1 1 1 
    Control 1 1 0.403 0.036 1 
    Control 2 1 0.475 0.43 0.985 
  
Losers/subordinates 
vs. Control 1 0.898 0.208 0.193 1 
    Control 2 1 0.249 1 0.377 
  Control 1 vs. Control 2 1 1 1 0.767 
3day 
Winners/dominants 
vs. Losers/subordinates 0.563 1 1 1 
    Control 1 1 0.018* 0.155 1 
    Control 2 0.239 0.374 1 0.577 
  
Losers/subordinates 
vs. Control 1 1 0.003* 0.298 1 
    Control 2 1 0.105 1 0.391 
  Control 1 vs. Control 2 1 1 0.481 1 
10day 
Winners/dominants 
vs. Losers/subordinates 1 1 1 0.086 
    Control 1 1 1 1 1 
    Control 2 1 0.317 0.234 0.152 
  
Losers/subordinates 
vs. Control 1 1 1 1 1 
    Control 2 1 0.043 0.745 1 
  Control 1 vs. Control 2 1 1 0.439 1 
Table 4.2: Pairwise comparisons by group in total T, total Cort, AGBG and SHBG  
Control 1 is males housed with a female and control 2 is singly housed males.  
The significance level was set at α = 0.05. 
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Group Time   Sig.       
      Total T 
Total 
Cort AGBG SHBG 
Winners/dominants 2 hr vs 3 day 1 1 1 1 
    10 day 0.029* 0.144 0.305 0.001* 
  3 day vs 10 day 0.151 0.147 0.953 >0.001* 
Losers/subordinates 2 hr vs 3 day 1 1 1 1 
    10 day 1 0.609 0.398 0.143 
  3 day vs 10 day 1 0.32 0.511 0.061 
Control 1 2 hr vs 3 day 1 0.998 1 1 
    10 day 0.192 1 0.454 0.411 
  3 day vs 10 day 0.858 0.89 0.52 1 
Control 2 2 hr vs 3 day 0.646 1 0.906 1 
    10 day 0.279 0.589 0.732 1 
  3 day vs 10 day 1 0.684 0.089 1 
Figure 4.3: Pairwise comparisons by time in total T, total Cort, AGBG and SHBG   
Control 1 is males housed with a female and control 2 is singly housed males.  
The significance level was set at α = 0.05. 
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Time Group    Sig.    
      Free T 
Free 
Cort 
2 hr Winners/dominants vs Losers/subordinates 0.01* 1 
    Control 1 1 1 
    Control 2 1 1 
  Losers/subordinates vs Control 1 0.541 0.83 
    Control 2 0.432 0.56 
  Control 1 vs Control 2 1 1 
3day Winners/dominants vs Losers/subordinates 0.412 1 
    Control 1 1 0.161 
    Control 2 0.784 0.475 
  Losers/subordinates vs Control 1 1 0.026* 
    Control 2 1 0.098 
  Control 1 vs Control 2 1 1 
10day Winners/dominants vs Losers/subordinates 0.043*
a
 1 
    Control 1 0.128 1 
    Control 2 0.358 0.388 
  Losers/subordinates vs Control 1 1 1 
    Control 2 1 0.06 
  Control 1 vs Control 2 1 1 
 
Figure 4.4: Pairwise comparisons by group in free T and free Cort   
Control 1 is males housed with a female and control 2 is singly housed males.  
The significance level was set at α = 0.05. 
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Chapter Five:  Socially induced temporal pattern in the plasticity of the 
androgen receptor messenger ribonucleic acid density level 
Introduction 
Steroid hormones mediate their effects by binding to steroid hormone receptors.  
The effect of steroid hormone action can vary depending on the conditions of steroid 
hormone receptors in the target cells.  Steroid hormones mainly mediate their effects 
through binding to a ligand-inducible intracellular steroid hormone receptor, which in 
turn regulates the expression of target genes upon binding to a hormone response element 
(Griffin and Ojeda, 2004; see review by Heinlein and Chang, 2002). 
The brain is a major and important target site for steroid hormone action 
(McEwen et al., 1979).  In Anolis carolinensis as in many vertebrate species, steroid 
hormone receptors are concentrated in the brain regions important for mediation of 
reproductive behaviors (Morrell et al., 1979; Rosen et al., 2002).  These areas include the 
anterior hypothalamus (AH), preoptic area (POA), septum (SEP) and ventromedial 
nucleus (VMN) of the posterior division of the dorsal ventricular ridge (PDVR).  Lesions 
in the anterior hypothalamus (AH) and the preoptic area (POA) diminish courtship and 
aggressive behaviors (Farragher and Crews, 1979; Ingle and Crews, 1985; Wheeler and 
Crews, 1978).  Also, similar findings have been made concerning the septum (SEP); 
lesions in the area result in deficits in intermale aggression (Crews, 1979b).  The PDVR 
in reptiles is considered the homologue of the mammalian amygdala (Northcutt, 1981) 
and the VMN of PDVR is involved in mediation of reproductive behaviors.  Lesions to 
the anterior VMN decreased or eliminated male courtship behavior (Greenberg et al., 
1984) and intermale aggression decreased to low levels (Crews, 1979b).     
Previous chapters focused on the status differences in the level of circulating 
steroid hormones of differing forms.  In this chapter, the focus is on the targets of 
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androgens in the androgen-sensitive brain regions that are known to be important for 
mediation of reproductive behaviors.  Status differences in AR mRNA density levels in 
the AH, POA, SEP, VMN of PDVR (amygdala) were compared.  We hypothesized that 
dominant animals would have higher AR mRNA density in those brain regions compared 
to that of subordinates just as free T levels were significantly higher in dominants than 
subordinates after 2 hours and 10 days of interaction (see Chapter 3 and 4).  
Materials and methods 
Animals 
Tissue samples were collected from the animals that were used in the Chapter 4 
experiments.  Briefly, adult males were randomly paired based on their snout-to-vent size 
and housed with a female in a neutral cage for 2 hr (n=14 pairs), 3 day (n=12 pairs), or 10 
days (n=12 pairs).  Two types of control groups were included: a male housed with a 
female (n=4 for each time point) and singly housed male (n=4 for each time point).  All 
control animals were handled in the same manner as paired males.  
Each animal was quickly removed from the cage and decapitated between 14:00-
16:00.  Following quick decapitation the brain was quickly removed from the skull and 
frozen on dry ice.  The brain samples were stored at -80°C until sectioning.   
Tissue preparation 
The brain samples were cryosectioned coronally at 20µm thickness into 4 series 
and thaw mounted on Superfrost Plus Slides (Erie Scientific, NH).  After sectioning the 
slides were stored at -80°C until tissue fixation.  One series of sectioned tissue was dried 
at room temperature, fixed in 4% paraformaldehyde in phosphate-buffered saline, 
acetylated with 0.25% acetic anhydride in 0.1M triethanolamine, dehydrated and stored at 
-80 °C. 
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35S labeled antisense and sense probes 
A vector plasmid with Anolis carolinensis AR insert was kindly provided by Dr. 
Juli Wade from Michigan State University.  Bacteria expressing Anolis carolinensis AR 
were grown on Lysogeny broth medium containing ampicillin at 37°C with vigorous 
shaking overnight.  Then, plasmid DNA was isolated using a GenElute High Performance 
Plasmid Midiprep Kit (Sigma, St. Louis, MO) following the manufacturer’s instructions.  
The DNA template was sequenced and it was confirmed that the insert sequence in both 
directions matched 99.9% of Anolis carolinensis AR.  The DNA templates were 
linearized with appropriate restriction enzymes (Xho I for sense strand, Bam HI for 
antisense strand), and extracted with phenol/chloroform, followed by ethanol 
precipitation.  35S labeled (UTP, specific activity 1250 Ci/mmol; Perkin Elmer Life 
Sciences, Boston, MA) antisense and sense probes were transcribed using a 
MAXISCRIPT kit (T3 polymerase for sense and T7 polymerase for antisense; Applied 
Biosystems/ Ambion, Austin, TX). 
In situ hybridization 
Each slide was hybridized with 150µl of hybridization solution (50% formamide, 
10% Dextran sulfate, 50µg/ml herring sperm DNA, 1x Denhardt’s solution, 250µg/ml 
yeast tRNA, 0.6M NaCl, 10mM tris pH 7.4, 10mM dithiothreitol) containing 1 x 106 
c.p.m, 35S-labled antisense probe, overnight at 55°C.  The sections were washed in 2x 
SSC at room temperature, 2x SSC containing RNase A (10 µg/ml) at 37°C, and 
descending concentrations of SSC at room temperature.  The sections were immersed in 
deionized water and dried at room temperature.  The slides and 14C microscale 
autoradiography standards were exposed to Kodak BioMAX-MR in x-ray cassettes for 10 
days.  14C microscale autoradiography standards were used to create a non-linear 
standard curve in order to determine the amount of radioactivity from the optical density 
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measurements.  In order to determine the hybridization specificity of antisense riboprobe 
two types of control were used: RNase pre-treated slides hybridized with antisense 
riboprobe and experimental slides hybridized with sense riboprobe.  No significant 
hybridization was observed in these two types of control slides.   
Quantitative analysis 
Digital images of all of the sections containing the region of interest (ROI) were 
taken for optical densitometry (see Figure 5.1).  Camera and light set-ups were held 
constant for all the pictures.  NIH Image J (http://rsb.info. Nih.gov/ij/) was used to 
measure the optical density (OD) in the ROI and control area, the anterior division of the 
dorsal ventricular ridge (ADVR).  A frame size of 0.07mm x 0.07mm (adjusted for 
magnification) was used for all OD measurements.  OD was measured from all sections 
expressing the ROI.  For each section containing the ROI, OD was measured in the ROI 
and control area and those values were converted into the radioactivity density based on 
the standard curve created by the OD measurements of the 14C microscale 
autoradiography standards.  The density of radioactivity in the control area was 
subtracted from that of the ROI for each section, and then the density value was averaged 
for each ROI per subject. 
Steroid hormone assays 
Total and free T levels were obtained in all animals (see Chapter 4 for plasma 
preparation and hormone assay methods).   
Statistical analysis 
AR mRNA density was analyzed by a two-way multivariate analysis of variance 
(MANOVA; group, time and group x time interaction), followed by Bonferonni-
corrected pairwise comparisons.  Pearson’s correlations were calculated between 
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circulating T levels (both total and free T; data from Chapter 4) and AR mRNA density in 
the AH, POA, SEP, and VMN. 
Results 
There were significant overall group differences in AR mRNA density 
(MANOVA, Wilks’ Lambda=0.615, F(12, 225.18)=3.788, P<0.001), but neither time nor 
group by time interaction effects were found (MANOVA: time effect: Wilks’ 
Lambda=0.973, F(8, 170)=0.295, P=0.967; group x time effect: Wilks’ Lambda=0.846, 
F(24, 297.74)=0.608, P=0.927).  Univariate analysis of variance (ANOVA) revealed that 
there were significant group differences in the POA (Figure 5.2: F(3, 88)=10.979, 
P<0.001) and AH (Figure 5.3: F(3, 88)=5.085, P=0.003) but not in SEP (Figure 5.4: F(3, 
88)=2.558, P=0.06) or VMN (Figure 5.5, F(3, 88)=2.371, P=0.076).  Following pairwise 
comparison revealed that winners/dominants’ AR mRNA density in the POA was 
significantly higher in the 2 hr and 3 day groups compared to that of losers/subordinates 
(Figure 5.2: Table 5.1: pairwise comparison: 2hr: P<0.001; 3day: P=0.026).  There were 
marginal differences in the POA AR mRNA density between dominants and subordinates 
in the 10 day group (Figure 5.2: Table 5.1: pairwise comparison: 10 day: P=0.056).  No 
significant differences in the POA AR mRNA density were found between 
winners/dominants and control groups and the same for losers/subordinates and control 
groups (see Figure 5.2 and Table 5.1).  Winners had significantly higher AR mRNA 
density in the AH compared to that of losers and singly housed control males in 2 hr 
group (Figure 5.3: Table 5.1: pairwise comparison: winner vs. loser; P=0.046; winner vs. 
singly housed male; P=0.021).  In 3 day and 10 day groups, there were no other 
significant differences were found (see Figure 5.3 and Table 5.1).  No significant 
 75 
correlations were found between circulating T levels and AR mRNA density (see Table 
5.2). 
Discussion 
In Chapter 3 and 4, we found that there were status differences in Free T levels 
after 2 hours and 10 days of pairing.  Winners/dominants had significantly higher free T 
levels compared to that of losers/subordinates in 2 hr and 10 day groups.  In this chapter, 
AR mRNA density was measured in the brain regions that are known to be important in 
mediating aggressive behavior.  Status differences in AR mRNA density were found in 
the POA and AH but not in the SEP or VMN.  Status differences in AR mRNA density in 
the POA were present after 2 hours and 3 days of interactions, whereas that in the AH 
was only seen after 2 hours of interaction.  There were no correlations between 
circulating T levels and AR mRNA density in any areas.     
Status differences in the AR mRNA density were found in the POA.  
Winners/dominants had a significantly higher AR mRNA density in the POA compared 
to losers/subordinates in the 2 hr and 3 day groups, however neither was significantly 
different from control groups.  A similar trend was found in the 10 day group such that 
dominants’ AR mRNA density in the POA was marginally higher compared to that of 
subordinates.  It is unclear whether winning a fight and/or holding a dominant status 
induced the elevation of AR mRNA density, since there were no group differences 
between winners/dominants and control males.  However, the sample sizes of the control 
groups were small and the variation in the AR mRNA density was larger compared to 
winners/dominants and losers/subordinates groups.  Increasing the sample sizes of the 
control groups might reduce the variation within groups and different results might be 
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obtained.  Status differences were also found in the AH but only in the 2 hr group; 
winners had higher AR mRNA density than losers and singly housed control males.   
It was surprising that status differences in AR mRNA density were not found in 
the SEP and VMN.  In Anolis carolinensis, the activity level of cytochrome oxidase, a 
marker for long-tern neural activity, in the SEP was elevated in animals that encountered 
10 minutes of aggressive interaction for five consecutive days compared to animals that 
did not engage in any male-male social interaction (Yang and Wilczynski, 2007).  
Bilateral lesions of the anterior VMN lowered inter-male aggression and courtship 
behavior in androgen treated castrated males (Crews, 1979b).  However, Greenberg et al. 
(1984) found that challenge displays were affected only in animals whose bilateral 
lesions to the anterior VMN extended to the paleostriatum (PS).  Lesions limited to the 
anterior or posterior VMN did not have any effect on challenge displays, while 
diminishing the courtship display (Greenberg et al., 1984).  In contrast, lesions to the PS 
decreased challenge displays, while keeping courtship displays intact (Greenberg et al, 
1984), though there was only one animal in the study with this lesion.  There is a need for 
more studies addressing whether the VMN and PS are involved in mediation of 
aggressive behavior. 
It is possible that these changes might be responsible for experience-induced 
behavioral plasticity.  The AH-POA area is involved in mediation of not only aggression 
but also courtship behavior (Farragher and Crews, 1979; Ingle and Crews, 1985; Wheeler 
and Crews, 1978) and contains ARs (Rosen et al., 2002).  Data from this study suggest 
that an increased AR mRNA density would result in increasing the sensitivity to 
androgens in the AH-POA and this might affect courtship behavior.  Morgantaler and 
Crews (1978) hypothesized that aggressive behavior has a lower T threshold than 
courtship behavior based on the findings that in castrated male green anole lizards, 
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aggressive behavior recovered sooner than courtship behavior after T was given 
intracranially or systemically (Crews et al., 1978; Morgantaler and Crews, 1978).  Male 
Anolis carolinensis emerges from winter dormancy and establishes territories first before 
courting females (Crews, 1977).  Sensitivity to androgens in the AH-POA area may be 
increased in winning and dominant males, thus preparing them for courtship behavior 
after territoriality is established. 
Findings from this study as well as Chapters 3 and 4 suggest that there are two 
ways in which T-controlled behaviors could be increased in winners/dominants: through 
an increase in T and/or an increase in the receptors for T.  Status differences were found 
in both T and AR mRNA density in the POA and AH after 2 hours of pairing, but these 
variables were not correlated (see below).  Also, the temporal pattern of free T and the 
POA-AH AR mRNA density were different.  Free T was elevated in winners/dominants 
after 2 hours or 10 days of interaction, and different mechanisms seem to underlie these 
differences (see Chapter 4), while higher AR mRNA density was observed in 
winners/dominants after 2 hours or 3 days of interaction in the POA and after 2 hours of 
interaction in the AH.  Since there were no significant differences between social (i.e. 
dominants or subordinates) and control males in the POA AR mRNA density at any time 
point, it is unclear whether status differences in those variables emerged after the pairing 
or preexisted before the pairing and those with higher POA AR mRNA density won the 
fight and dominant status.  However, as mentioned earlier, variations within control 
groups were high and different outcomes might be obtained by increasing the sample 
size.  It is possible that those changes were induced by changes in androgens after 
winning and obtaining a dominant status since genomic actions of steroid hormones (i.e. 
transcription of specific genes) typically occur as early as one hour (Griffin and Ojeda, 
2004).  AR mRNA density in the AH was higher in winners compared to losers or singly 
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housed males in 2 hr groups, and this finding seems to result from winning a fight rather 
than from preexisting differences.  Accessibility to a female might have affected these 
differences since no significant differences were found between winners and control 
males housed with a female in AH AR mRNA density. 
Neither total nor free T levels were correlated with AR mRNA density in the ROI.  
This suggests that there are other mechanisms by which androgens can induce their 
effects.  Androgens can act in a non-genomic way, by inducing second messenger 
cascades upon binding to a membrane bound G protein-coupled AR or sex-hormone 
binding globulin receptors (SHBG-R; see review by Heinlein and Chang, 2002).  Also, 
the stability of AR mRNA, posttranscriptional regulatory mechanisms, can be altered by 
the presence of androgens and this changes the mRNA turnover (see reviews by 
Bolognani and Perrone-Bizzozero, 2008 and Staton et al., 2000; Wolf et al., 1993; Yeap 
et al., 1999). 
AR mRNA expression can also be regulated by estrogens.  In reptile testis, AR 
mRNA levels were down-regulated by estrogen (Cardone et al., 1998).  Gonadectomy 
reduced AR mRNA expression in the medial POA and principal portion of the bed 
nucleus of the stria terminalis in neonatal rats, however, this effect was prevented by 
synthetic estrogen (McAbee and Doncarlos, 1999).  It warrants future studies to 
understand how androgen and estrogen interact with each other in regulation of AR 
mRNA in Anolis carolinensis and how that relates to inter-male aggression.  Also, 
understanding the detailed mechanisms by which androgens affect brain regions 
important in mediating reproductive behavior would help us understand the behavioral 
and physiological plasticity associated with aggression and dominance behavior. 
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Figure 5.1: Digital image of x-ray film exposed to a section hybridized with antisense 
riboprobe  
The ADVR (control area), POA, SEP and VMN are shown.  Scale bar = 1mm.   
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Figure 5.2: AR mRNA density levels in the POA 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 5.3: AR mRNA density levels in the AH 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 5.4: AR mRNA density levels in the SEP 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Figure 5.5: AR mRNA density levels in the VMN 
Black bars represent winners/dominants and white bars represent 
losers/subordinates.  Control males housed with a female are expressed in light grey bars 
and singly housed control males are in dark gray bars.  All values are mean±S.E.M. and 
significance level is set at α= 0.05. 
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Time Group   Sig.   
      POA AH 
2hr Dominant vs Subordinate <0.001* 0.046* 
    Control 1 0.157 0.23 
    Control 2 0.88 0.021* 
  Subordinate vs Control 1 1 1 
    Control 2 1 1 
  Control 1 Control 2 1 1 
3day Dominant vs Subordinate 0.026* 1 
    Control 1 1 1 
    Control 2 1 1 
  Subordinate vs Control 1 1 1 
    Control 2 1 1 
  Control 1 Control 2 1 1 
10day Dominant vs Subordinate 0.056 0.212 
    Control 1 0.068 1 
    Control 2 1 0.826 
  Subordinate vs Control 1 1 1 
    Control 2 1 1 
  Control 1 Control 2 1 1 
 
Table 5.1: AR mRNA density pairwise comparisons in the POA and AH 
Control 1 is males housed with a female and control 2 is singly housed males. 
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  POA AH SEP VMN 
Total T         
Pearson correlation -0.027 -0.015 -0.006 0.008 
Sig. 0.791 0.885 0.957 0.938 
Free T         
Pearson correlation 0.039 0.005 0.013 0.006 
Sig. 0.704 0.957 0.901 0.95 
Table 5.2: Pearson correlations between AR mRNA density and T levels 
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Chapter Six: Comparison of arginine vasotocin immunoreactivity 
differences in dominant and subordinate green anole lizards1 
Abstract 
The neuropeptide arginine vasotocin (AVT) and its mammalian homologue 
arginine vasopressin (AVP) are believed to be involved in many social behaviors 
including territorial aggression.  Testosterone (T) is also important for controlling 
territorial aggression, and it is believed to be involved in modulating AVT/AVP levels in 
the brain.  In this study, male Anolis carolinensis were paired (n=11 pairs) in a neutral 
cage and were allowed to establish a dominant-subordinate relationship for 10 days 
(experimental groups) or housed in a neutral cage with or without a female (control 
groups; each n=4).  On 10th day animals were sacrificed and their brain sections were 
processed for AVT immunohistochemistry and their serum was analyzed for testosterone 
levels.  AVT immunoreactive (AVT-ir) cell numbers were counted in the anterior 
hypothalamus (AH), paraventricular nucleus (PN), posterior hypothalamus (PH), preoptic 
area (POA), and supra optic nuclei (SON).  2-way randomized block design was 
conducted to assess AVT-ir cell number differences between dominant and subordinate 
animals and Pearson’s correlations were used to determine if a relationship existed 
between T levels and AVT-ir cell numbers.  Dominant animals had more AVT-ir cells in 
the POA compared to subordinate animals, and subordinate animals had fewer AVT-ir 
cells in the POA compared to males housed either singly or with a female.  There were no 
differences in AVT-ir cell numbers between dominant and subordinate animals in other 
areas.  T levels were not correlated with the AVT-ir cell numbers in any area.  Thus 
dominant animals have increased AVT-ir cell numbers compared to subordinate animals 
                                                
1 Chapter 6 is published in Physiology & Behavior, 2009, volume 96, pages 104-107. 
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in a brain region known to be important in male sexual behavior.  However, this 
difference is not related to differences in T. 
Introduction 
Arginine vasotocin (AVT), and its mammalian homologue arginine vasopressin 
(AVP), are known to be involved in many social behaviors including territorial 
aggression and dominance behavior (for review, see Goodson and Bass, 2001).  For 
example, in male Syrian hamsters, a selective AVP V1a receptor antagonist injected into 
the anterior hypothalamus (AH) inhibits inter-male aggression (Ferris and Potegal, 1988; 
Potegal and Ferris, 1989), while AVP injection into the AH increases offensive 
aggression (Ferris et al., 1997).  Although the effect of AVP/AVT on aggressive behavior 
is well documented in many species (for review, see Goodson and Bass, 2001), the 
direction of their effects varies from species to species.  In birds, it is suggested that the 
direction of AVT effects on territorial aggression depends on the social organization of a 
species; AVT suppresses the aggressive behavior in territorial species while enhancing it 
in non-territorial species (Goodson, 1998).  In bluehead wrasses, the effect of exogenous 
AVT injection varies depending on the social status of an animal (Semsar et al., 2001).  
Neural AVT/AVP phenotypes are sensitive to environmental and social 
conditions (Lema, 2006).  Socially-related differences in AVP/AVT levels have been 
found in the anterior hypothalamus (AH)- preoptic area (POA), though the presence of 
AVP/AVT is also observed in other brain regions.   Dominant male Syrian hamsters have 
more AVP immunoreactivity in the AH and nucleus circularis compared to subordinates 
(Ferris et al., 1989).  Dominant (terminate phase) bluehead wrasses have more AVT 
expression in the POA compared to subordinates (AVT mRNA level: Godwin et al., 
2000; AVT immunoreactivity level: Semsar and Godwin, 2003).  These status differences 
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in the neural AVT/AVP phenotype may be affected by circulating testosterone (T) level.  
Testosterone’s involvement in territorial aggression has been well documented in many 
species (Adkins-Regan, 2005) and T is also known to regulate neural AVT/AVP systems 
[12-15](De Vries et al., 1984; De Vries et al., 1985; Van Leeuwen et al., 1985; Viglietti-
Panzica et al., 1994).  In rats, castration decreases AVP immunoreactivity as well as AVP 
mRNA expression levels while normal levels of AVP are restored following T implants 
(Zhou et al., 1994).  In Syrian hamsters, T affects offensive aggression in part through 
AVP V1a receptor binding (Delville et al., 1996); AVP V1a receptor binding decreases 
as T levels decrease (Caldwell and Albers, 2003; Young et al., 2000).  
In the present study, we aimed to determine whether there is a status-dependent 
difference in AVT-ir cell counts in the POA-AH region and to find any connection 
between circulating T levels and AVT-ir cell counts in adult male Anolis carolinensis.  
Anolis caroinensis has been successfully used in many territorial/dominance aggression 
studies (e.g. Greenberg et al., 1984; Greenberg and Crews, 1990).   In this species, status-
based differences in circulating T levels (one hour after the paring) have been observed 
(Greenberg and Crews, 1990), and the distribution of AVT in the brain has been mapped, 
showing AVT-ir positive cells in the POA-AH (Propper et al., 1992).  We predicted that 
the AVT-ir cell counts would differ based on social status in the POA-AH as AVT-ir cell 
counts in this area have been known to reflect status differences in other species.  After 
10 days of interaction, dominant animals behave more aggressively towards a novel 
stimulus in an unfamiliar place than subordinate animals do (Hattori and Wilczynski, 
unpublished data).  Hence, we also predicted that dominant animals would have higher 
circulating T levels compared to subordinates. 
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Materials and methods 
Animals 
Adult male green anoles, Anolis carolinensis, were purchased from Charles 
Sullivan Inc., Nashville, TN.  Each male was housed with a female in a 20 x 30 x 47 cm 
glass tank.  Each cage was given a wooden perch, water dish and peatmoss as a ground 
material.  Light was provided by one 60W incandescent and two 20W fluorescent bulbs, 
and the light/dark cycle of the room was kept 14/10 to establish a breeding season 
environment.  The temperature in the cages were 26 to 34°C.  They were sprayed with 
water and fed crickets three times a week. All protocols were approved by The University 
of Texas at Austin Institutional Animal Care and Use Committee. 
Behavior 
Three days prior to the behavioral experiments we observed animals' baseline 
activities including the body color to make sure animals used in the experiment were 
sexually active and healthy. We conducted this experiment in two separate seasons.  
During the first season we had eight pairs of animals (dominant n=8; subordinate n=8).  
Then during the second season we added two control groups to the study; (1) a male 
housed with a female (n=4) and (2) a male housed singly (n=4).  We also included three 
more pairs of dominant and subordinate animals in the second season to avoid year-to 
year variation interfering with the outcome of the findings in case we saw any significant 
differences between experimental and control groups.  Animals of similar size were 
paired in a neutral cage for 10 days with a female.  At the time of pairing aggressive 
behavior was monitored by two observers to determine a winner/dominant and 
loser/subordinate. Control groups were handled in the same manner as animals in the 
experimental groups except they were housed in a neutral cage for 10 days with a female 
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or alone.  The body color of animals was measured for five minutes, twice a day.  The 
time of observation varied randomly between 1200 and 1600.  Body color is known to 
reflect anoles' social status in a dyadic relationship (Greenberg and Crews, 1990) and has 
been successfully used as a social status indicator (Plavicki et al., 2004). 
Immunohistochemistry 
Animals were sacrificed on day 10 by quick decapitation.  Trunk blood was 
drawn for hormone assays (only first season animals) and the head was fixed in 4% 
paraformaldehyde overnight.  Next day the head was removed and stored in 0.1M 
phosphate buffer at 4°C until sectioning.  Before sectioning, the brain was extracted from 
the skull and stored in 20% sucrose overnight.  Each brain was frozen in embedding 
medium (Thermo Electron Cooperation, Pittsburg, PA) and cryosectioned at 20µm 
thickness into four series.  Sections were kept at -20°C until immunohistochemistry.    
A series of slices from each animal was used for AVT immunohistochemistry.  
All washes were done three times, five minutes each at room temperature.  Slides were 
taken out of -20°C and warmed to room temperature.  Slide edges were marked with a 
Super HT PAP PEN (Research Products International Corp.) for prevention of leakage.  
Sections were fixed in 4% paraformaldehyde for 10 minutes and washed in 0.1M 
phosphate-buffered saline (PBS; pH 7.4).  Sections were then placed in 0.1% sodium 
borohydride in PBS for 15 minutes to unmask antigens for improved antibody penetration 
and washed with PBS.  Sections were incubated in 1% hydrogen peroxide in PBS for 15 
minutes and rinsed with PBS to eliminated endogenous peroxidase activity.  Sections 
were incubated with 2% normal goat serum diluted in PBS with 0.3% Triton X-100 for 
one hour at room temperature to block non-specific binding.  Following another series of 
PBS washes the tissue was flooded with polyclonal rabbit anti-AVP (ImmunoStar 
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incoporated; 1:500 diluted with 5% normal goat serum in 0.1M PBS with 0.3% Triton X-
100) overnight at room temperature in a humidity chamber.  Excess primary antibody 
was washed with PBS and the tissue was exposed to biotinylated goat-anti-rabbit 
secondary antibody (Vector Laboratories, West Grove, PA; 1:400 diluted with 5% PBS 
with 0.3% Triton X-100) for one hour at room temperature.  The tissue was washed with 
PBS and incubated with avidin-biotinylated horseradish peroxidase complex for one 
hour.  Then sections were washed with 0.1M phosphate buffer (PB) and incubated in 
2.5mg/ml diaminobenzidine tetrahydrochloride in PB with 0.003% hydrogen peroxide for 
10 minutes to develop a good coloration.  Tissue was then washed with PB and 
dehydrated in an alcohol series and coverslipped with Permount straight out of xylenes.  
For control slides, the primary antibody was omitted from the protocol. 
AVT immunopositive cells were counted in the anterior hypothalamus (AH), 
paraventricular nucleus (PN), posterior hypothalamus (PH), preoptic area (POA), and 
supraoptic nuclei (SON).  These brain nuclei are known to be important for mediating 
aggression and courtship behaviors and contain AVT-ir cells in Anolis carolinensis 
(Propper et al., 1992).  AVT-ir cell counts in the AH and PN were combined since the 
regional boundary between these areas was difficult to determine.  
Enzyme linked immunoassay 
Plasma samples were spiked with approximately 600 cpm of [3H] testosterone 
and left overnight.  On the next day, the samples were extracted with 4 ml of ether and 
dried under a nitrogen stream.  The sample was then reconstituted with assay buffer 
provided in a testosterone assay kit (Assay Designs Inc., Ann Arbor, MI, USA).  The 
assay was performed according to the kit manufacturer’s directions, and the kit has been 
validated for this species (see Yang, 2002).  Both assays were performed in triplicate and 
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run in one assay.  Assay values were corrected for individual recoveries.  Some samples’ 
recovery rates exceeded 100 % and these samples were not corrected for individual 
recovery rate.  Mean recovery was 93 %, and the intraassay coefficient of variation was 
7.7 %.  The sensitivity of the assay kit was 3.82 pg/ml. 
Statistics 
Repeated measures analysis of variance (ANOVA) was used for body color 
scoring. We have performed ANOVAs to make sure there were no significant differences 
between the original dominant animals and the newly added dominant animals (AH/PN: 
F(1,9)=1.588, P=0.239; PH: F(1,9)=1.719, P=0.222; POA: F(1,9)=1.147, P=0.312; SON: 
F(1,9)=3.444, P=0.096).  The same test was performed for the original and new 
subordinate groups as well and we did not find any year-to-year variations (AH/PN: 
F(1,9)=4.088, P=0.074; PH: F(1,9)=1.548, P=0.245; POA: F(1,9)=2.446, P=0.152; SON: 
F(1,9)=1.084, P=0.325).  AVT-ir cell counts were analyzed using a 2-way randomized 
block design (status x brain area).  A priori tests were conducted to compare status-based 
differences in the AH/PN and POA.  Dominant and subordinate groups were compared to 
control groups using Kruskal-Wallis test and the Mann-Whitney test was used for post 
hoc analysis.  Pearson’s correlation was calculated between AVT-ir cell counts (total 
counts across all 5 regions) and total T levels.  Then, correlations were determined for 
each area individually. 
Results 
Behavior 
All pairs sustained a stable dominant-subordinate relationship throughout the 
experimental period (10 days) as reflected by body color (F(1, 20)=38.425, P<0.001).  
Dominant animals showed greener body color compared to subordinate animals. 
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AVT 
AVT-ir cells were found in the regions as described in Propper et al. (1992; 
Figure 6.1).  AVT-ir cell counts from 5 brain regions are summarized in Table 6.1. There 
was no interaction between status and brain area, however, there was a main effect of 
status and brain area (status: F(1,10)=10.783, P=0.008; brain area: F(3,30)=9.412, 
P<0.001; interaction: F(3,30)=1.62, P=0.205).  Based on predictions from previous 
studies in other species we performed a priori tests to determine status differences in the 
AH/PV and POA AVT-ir cell counts.  Dominant animals had significantly more AVT 
immunoreactive cells in the POA compared to subordinate animals (F(1,10)= 19.01, 
P=0.001; Figure 6.2).  No significant status differences were found in the AH/PV 
(F(1,10)=0.323, P=0.583).  No significant correlation was found between AVT-ir and 
total T levels (Table 6.2: AH/PN: Pearson’s correlation=0.06, P=0.82; PH: Pearson’s 
correlation=0.10, P=0.72; POA: Pearson’s correlation=0.16, P=0.54; SON: Pearson’s 
correlation=0.20, P=0.46; total cell count: Pearson’s correlation=0.24, P=0.37). 
In order to assess how dominants and subordinates compared to non-socially 
housed males, AVT-ir cell numbers in the POA in both dominants and subordinates were 
compared against males housed either singly or with a female.  AVT-ir cell counts in the 
POA were not significantly different between dominants and these control groups 
(H=0.825, 2df, P=0.662).  Subordinates had significantly fewer AVT-ir cells compared to 
both control groups (Kruskal-Wallis test: H=10.412, 2df, P=0.005; the Mann-Whitney 
test: U=3, Z=-2.483, P=0.013 for subordinates vs. single males; U=2, Z=-2.613 P=0.009 
for subordinates vs. males with female).  There were no significant differences in the 
POA AVT-ir cell count in males housed singly versus males housed with a female (U=6, 
Z=-0.577, P=0.686). 
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Testosterone level 
The mean total testosterone levels were 16.1±1.1 ng/ml for dominant animals and 
14.6±2.2 ng/ml for subordinates.  The testosterone level did not differ between dominant 
and subordinate animals (t = 0.567, df = 7, P = 0.588). 
Discussion 
In the present study, we found a status-based difference in AVT-ir cell counts in 
the POA: dominant animals had more AVT-ir cells in the POA compared to subordinates.  
In the other regions studied, no status differences were observed.  This finding is 
consistent with other studies where dominant animals seemed to have more AVT-ir in the 
POA compared to subordinate animals. Furthermore, we found that subordinate animals 
had significantly fewer AVT-ir cells in the POA than control males housed with either 
alone or only with a female, while dominant males had similar AVT-ir cell numbers to 
both sets of control animals. Although we cannot tell whether or not the control males 
were acting essentially like dominants because they had not yet been challenged, the 
control group comparisons suggest that the difference in dominant vs. subordinate AVT-
ir cell number may be due to subordinates decreasing AVT levels rather than dominants 
increasing them as a result of the social contest. 
There were no significant status differences in total T levels.  Also, no significant 
correlation was found between T and AVT-ir cell counts.  Our findings regarding total T 
level are consistent with a previous report in this species (Plavicki et al., 2004).  This 
finding suggests that AVT and T may independently influence dominance behavior.  It is 
also possible that the timing of action is different for AVT and T. Previous work has 
shown that status differences in AVP V1a receptor binding were only seen after long 
repeated interaction and not after acute interaction (Cooper et al., 2005).  On the other 
hand, the changes in total T levels are temporally dynamic (Greenberg and Crews, 1990; 
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Summers 2001) and the status difference in total T levels has been observed as quickly as 
one hour after the interaction in this species (Greenberg and Crews, 1990).  It has also 
been suggested that associations between T and dominant status would only be expected 
at times when relationships are unstable (Sapolsky, 1993; Wingfield et al., 1990).  In the 
present study, status differences in total T levels were not observed after 10 days of 
interaction; however, there might have been status-based differences shortly after social 
hierarchies were established.   
Also, T may not be the sole influencer of brain AVT-ir cell numbers, but may be 
more directly linked to other factors such as serotonin (5-HT; see review by Birger et al., 
2003), and this link may influence the impact of AVT on aggression/dominance.  
Another possibility is that the circulating T levels we measured in this study may not be 
biologically relevant.  Steroid hormones can exist in two different forms—free or bound 
to binding proteins.  In this study, we measured total hormone (both free and bound 
portions) levels, however, there are some studies suggesting that the free portion is the 
biologically active form of steroid hormones (see review by Breuner and Orchinik, 2002).  
A status difference in free T levels may exist and might be related to AVT-ir differences 
in the POA-AH.  Further study is necessary to assess this possibility.      
Our findings taken together with other studies (i.e. the effect of exogenous 
AVP/AVT on aggression) suggest that there is no doubt a relationship between 
AVP/AVT and aggression. However, species variations in the AVP/AVT-aggression 
relationship (whether positive or negative) indicate that this is a rather complex 
relationship possibly involving multiple factors such as social stress (Lema, 2006) and 5-
HT (Summers, 2001). For example, as in our study, dominant zebrafish males have a 
higher AVT-ir cell number, as well as larger cell size (which we did not measure), in one 
brain area, the magnocellular POA, compared to subordinates, but have a lower number 
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in the parvocellular POA (Larson et al., 2006). This suggests that in some species there 
may be regional differences in the relationship between AVT and aggression. Further 
studies are necessary to fully gain an insight into this relationship. 
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Figure 6.1: Coronal section (10X) showing AVT-ir cells in the POA and SON 
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Figure 6.2: Comparison of the POA AVT-ir cell counts difference in dominant and 
subordinate animals 
Dominant animals have significantly more AVT-ir cells in the POA compared to 
subordinates.  Data are means ± S.E.M.. 
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 AH/PN PH POA SON 
Dominant  109.64±31.32 
 
29.91±14.46 
 
139.36±20.14* 
 
63.27±12.78 
 
Subordinate 89.91±18.91 
 
5.37±2.71 
 
59.55±7.31** 
 
54.45±12.28 
 
Single male 95.25±42.16 
 
29.91±18.57 
 
135±28.20 
 
130.25±33.85 
 
Single male 
with a female 
35.63±10.36 
 
5.37±3.51 
 
117.5±14.97 
 
92.25±27.82 
 
 
Table 6.1: AVT-ir cell counts in the AH/PN, PH, POA, and SON 
The AVT-ir cell counts in the AH and PN are added together due to the difficulty 
of discriminating between these two regions.  Data are means±S.E.M..  *Differs 
significantly from subordinates with p < 0.05. 
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 AH/PN PH POA SON Total 
Pearson’s 
correlation 
0.06 0.10 0.16 0.20 0.24 
Significance 0.82 0.72 0.54 0.46 0.37 
Table 6.2: Pearson’s correlation between testosterone levels and AVT-ir cell counts in 
the AH/PN, PH, POA, SON, and in all of these areas summed together, are shown. 
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Chapter Seven:  General discussion 
This dissertation was aimed at understanding the proximate mechanisms that may 
be underlying the behavioral differences seen after acquisition and maintenance of a 
social status.    Previously, it was found that territorial aggression was socially modulated 
through acquisition and maintenance of a social status (Hattori and Wilczynski, 
unpublished data; Plavicki et al., 2004).  However, this behavioral difference was not 
found to be associated with steroid hormones that are believed to be involved in 
mediating territorial aggression and dominance (Hattori and Wilczynski, unpublished 
data; Plavicki et al., 2004).  Several hypotheses (see Chapter 1, hypotheses) were tested 
in the hopes of understanding the physiological mechanisms that may be responsible for 
the behavioral differences.      
In Chapter 2, steroid binding globulin binding characteristics were characterized 
in Anolis carolinensis.  We found evidence for the presence of two types of steroid 
binding globulins: androgen glucocorticoid binding globulin (AGBG) and sex hormone 
binding globulin (SHBG).  AGBG binds to testosterone (T) and corticosterone (Cort), 
and T was a better competitor for an AGBG steroid binding site than Cort.  SHBG binds 
to T and estradiol (E2) with binding characteristics similar to those of mammalian SHBG.  
T had a higher binding affinity for AGBG than for SHBG, and binding capacity was 
higher for AGBG than SHBG.  These characteristics were similar to those described in 
tree lizards (Jennings et al., 2000), and this could reflect evolutionarily conserved 
characteristics of reptiles.  Findings from this chapter were essential in developing an 
assay to measure steroid binding protein capacity which was used to estimate free 
hormone levels.   
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In Chapter 3, information from Chapter 2 was used to estimate free T and Cort 
levels in pairs of animals that were in agonistic interaction for 10 days.  Status-based 
differences were only found in free T levels; estimated free T levels were elevated in 
dominant animals compared to subordinates.  This could be the primary mechanism 
underlying the status difference in behavioral plasticity.  However, the differences in free 
T may have existed before the pairings, and animals with higher free T simply won in 
agonistic combat and held a dominant status.  
In Chapter 4, the temporal pattern of hormone levels was measured in social 
(winners/dominants and losers/subordinates) and control males.  This experiment was 
conducted to test whether hormonal changes are temporally dynamic and whether status 
differences in free T levels after 10 days of agonistic interaction were present before the 
pairing of two males or induced after the pairing.  The results from this study showed that 
free T levels were elevated after 2 hours or after 10 days of agonistic interaction in 
winners/dominants.  Interestingly, two different mechanisms seem to underlie the status 
differences in free T levels.  After 2 hours of agonistic interaction, winners had 
significantly higher total T levels, while steroid binding globulin capacities were not 
different by the social status.  Higher free T levels from the winners from the 2 hr group 
therefore seemed to result from the increased total T level.  After 10 days of agonistic 
interaction, there were no status differences in total T levels but SHBG capacity was 
lowered in dominants, and these changes resulted in increased free T levels.  These 
findings suggest that status differences in free T were induced after winning a fight and 
holding a dominant status because the changes that affected free T levels differed over 
time as the status was maintained.  Changes in total T and SHBG capacity were only 
present after 2 hrs or 10 days, respectively.  Dominant animals in the 3 day group also 
had increased total Cort levels.  This increase might have been important for behavioral 
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plasticity associated with social experience, as Yang and Wilczynski (2003) found that 
the Cort synthesis blocker metyrapone interfered with social experience induced 
behavioral plasticity.   
In Chapter 5, androgen receptor (AR) messenger RNA (mRNA) density in the 
brain nuclei that are important in mediating aggressive behavior was measured in social 
(winners/dominants and losers/subordinates) and control males at three different time 
points after the pairing.  This experiment was conducted to test whether the sensitivity to 
steroid hormone differed by social status.  If status differences in sensitivity to steroid 
hormone exist, status differences in circulating hormone levels might not matter.  AR 
mRNA density was higher in winners/dominants in the preoptic area (POA) after 2 hours 
or 3 days of agonistic interaction compared to that of losers/subordinates.  Status 
differences in AR mRNA density were also found in the anterior hypothalamus (AH) 
after 2 hours of agonistic interaction.  Since these differences were only found between 
winners/dominants and losers/subordinates and no differences were found between social 
(winners/dominants and losers/subordinates) and control males, it is not clear whether 
these differences were induced after the paring or preexisted before the pairing.  
However, it would be very difficult to test whether these differences were present before 
the pairing other than by comparing to baseline (control) levels.  One way to potentially 
solve this problem would be to increase the sample sizes of the control groups.  
Variability within the control groups was greater than in the social groups and increasing 
the sample size might help reduce the within-group variability, thus producing different 
statistical outcomes.  If these differences were induced after the pairing, the functional 
significance of increased AR mRNA density in the AH-POA might be an increase in the 
sensitivity to T, preparing the animal for courtship behavior.  When male green anoles 
come out of winder dormancy they first establish their territories before courtship begins 
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(e.g Crews, 1977).  Also, courtship behavior is more dependent on circulating T levels 
than aggressive behavior.  Castration causes a rapid decline in courtship behavior relative 
to aggressive behavior (Crews et al., 1978), and when given exogenous T following the 
castration, aggressive behavior always comes back to the intact level first before the 
courtship behavior returns (Crews et al., 1978; Morgantaler and Crews, 1978).  Neither 
total nor free T levels were correlated with AR mRNA density levels.  This suggests that 
T induced its effect through both genomic and non-genomic means.  It is possible that T 
acts as a neuromodulator.   
In Chapter 6, AVT-ir cell counts were compared in dominant and subordinate 
animals (and also to control males) after 10 days of pairing.  Arginine vasotocin (AVT) 
immunoreactive (-ir) cell counts were lower in subordinates, however there were no 
relationships between AVT-ir cell counts and total T levels (data from Chapter 3).  These 
findings suggest that T and AVT independently affect aggression/dominance behavior 
and may be responsible for different aspects of agonistic behavior. In this Chapter, only 
the correlation between AVT and total T was determined. A subsequent analysis using 
free T showed no relationships between AVT-ir cell counts and free T levels.  In 
addition, AVT-ir cell counts and Cort levels (both total and free levels) were not 
correlated.   
Findings from these experiments suggest the possibility of strong involvement of 
steroid hormones in the behavioral plasticity associated with acquisition and maintenance 
of a social status after 10 days of agonistic interactions (reject null hypothesis; see 
Chapter 1).  Hormonal changes following the acquisition and maintenance of a status 
were temporally dynamic especially for winners/dominants, and free T rather than total T 
levels seem to be more physiologically relevant measurements of steroid hormones and 
associated with behavioral plasticity (accept hypotheses 2 and 3; see Chapter 1).  These 
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findings also highlight the important points that differing results and interpretations could 
be obtained depending on (1) which form of steroid hormones are being measured, (2) 
when steroid hormones are being measured.  Status differences in sensitivity to 
androgens were found in the AH-POA shortly after the pairing but were not sustained for 
10 days (accept hypothesis 4 for 2 hours and 3 days, reject hypothesis 4 for 10 days).  It 
is still unclear whether these differences existed before the pairing or if the changes were 
induced after the acquisition of a social status.  Status differences were also found in 
AVT-ir cell counts in the POA but this was not correlated with circulating T levels, 
suggesting that AVT and T might be independently affecting the status-induced 
behavioral plasticity (accept hypothesis 5).  
We found that status differences were driven by the changes in winners and 
dominant animals; winners/dominants had elevated T levels and increased AR mRNA 
density levels, while losers/subordinates stayed at the baseline levels.  However, the 
status differences in the POA AVT-ir cell counts were due to lowered AVT-ir cell counts 
in subordinate animals.  AVT-ir cell counts were not correlated with either T or Cort 
levels and it is unclear what mechanism was involved in lowering AVT-ir cell counts in 
subordinate animals.  These findings suggest the possibility of the involvement of other 
variables, such as serotonin (5-HT) and the brain Cort receptor phenotype, that were not 
tested in this dissertation (Figure 7.1).  There are numbers of studies showing serotonin’s 
(5-HT) inhibitory effects on aggressive behavior (e.g. Ferris and Delville, 1994; Perreault 
et al., 2003; Summers, 2001) and its association with subordination in a variety of species 
(e.g. Blanchard et al., 1993; Summers, 2001).  5-HT brain phenotype is also associated 
with circulating T (see review by Simon et al, 1998; Ferris and Delville 1994; Summers, 
2001) and Cort levels (Summers and Winberg, 2006).  It is also believed that 5-HT 
interacts with arginine vasopressin (AVP) to modulate aggressive behavior in Syrian 
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hamsters (Ferris et al., 1997; Ferris and Delville, 1994).  In green anole lizards, 
relationships between 5-HT and steroid hormones or AVT have not been investigated, 
however status differences were found in the temporal pattern of 5-HT activation 
(Summers et al., 1998).  The 5-HT system is quickly activated (within one hour of fight) 
in dominant animals while slow activation (24 hours post fight) is found in subordinate 
animals (Summers et al., 1998).  Also, artificially elevated synaptic 5-HT levels reduced 
aggressiveness in dominant males and previously dominant animals were not able to 
obtain dominant status when re-paired with previously subordinate animals (Larson and 
Summers, 2000).  These findings strongly suggest that status differences in brain 5-HT 
phenotype may exist and may be involved in the status induced behavioral differences.  
Studies in this dissertation did not find status differences in Cort levels; however, it is 
possible that sensitivity to Cort may differ by social status.  The stress response is an 
integral aspect of aggressive behavior as well as agonistic interaction (see Chapters 1 and 
3).  Circulating levels of Cort may not differ by social status, but its effect can vary 
depending on the sensitivity to Cort.       
This dissertation was aimed at understanding status induced physiological 
differences that may be associated with status induced behavioral plasticity in territorial 
aggression.  Findings from this study suggested several possible mechanisms that may be 
responsible for the behavioral plasticity: elevation in free T levels (Chapter 3 and 4), and 
sustained elevation of AVT-ir cell counts in the POA (Chapter 6).  These changes might 
be adaptive mechanisms allowing winners and dominants to succeed reproductively.  It is 
still in question whether differences and changes in the sensitivity to androgens are 
involved in behavioral plasticity, and this requires more careful examination (Chapter 5).  
Also, the functional significance of these differences and changes are still unclear and 
need to be tested whether these differences are driving the status induced behavioral 
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differences.  This dissertation work also suggests that T is exerting its effects in many 
other ways that were not tested or measured in this dissertation.  It would be of future 
interest to investigate other mechanisms by which T might be involved in inducing 
behavioral plasticity.  
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Serotonin Sensitivity to Cort receptor 
 
 
Figure 7.1: Summary of findings and future directions 
A model describing the overall findings in this dissertation.  Status differences in 
free T levels and POA AVT-ir cell counts may be related to status differences in 
aggressive behavior.  No relationship between AVT-ir brain phenotype and circulating 
steroid hormones was found.  Other variables such as serotonin and sensitivity to Cort 
might be important factors that should be considered in future studies. 
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Appendix: Abbreviation index 
5-HT  Serotonin 
ACTH  adrenocorticotropic hormone 
ADVR  anterior dorsal ventricular ridge 
AGBG  androgen glucocorticoid binding globulin 
AH  anterior hypothalamus 
ANOVA analysis of variance 
AR  androgen receptor  
AVP  arginine vasopressin 
AVT  arginine vasotocin 
BC  body color 
CBG  corticosteroid binding globulin 
Cort  corticosterone 
DHT  dihydrotestosterone 
E2   estradiol 
ES  eye spot 
Ir  immunoreactive 
MANOVA multivariate analysis of variance 
mRNA  messenger ribonucleic acid 
OD  optical density 
PDVR  posterior division of the dorsal ventricular ridge 
POA  preoptic area 
ROI  region of interest 
SEP  septum 
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SHBG  sex hormone binding globulin 
SON  supraoptic nuclus 
T  testosterone 
PH  posterior hypothalamus 
PN  paraventricular nucleus 
VMN  ventromedial nuclus 
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